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Hazard Curves for Reliability Assessment of Strip
Footings on Spatially Varying Cohesive Soils

Ahmet Can MERT"
Gokhan YAZICI?
Hadi KHANBABAZADEH?

ABSTRACT

The present study aimed to create a series of hazard curves against maximum total settlement
and angular rotation of strip footings for probabilistic shallow foundation design on clays.
Random field finite element method (RFEM) was adopted with elasto-plastic clay-like soil
behavior, deformation modulus (Eq) and shear strength parameters (c and ¢) were employed
as random field inputs. Parameters were defined and assigned to the analysis models with
varying correlation lengths (05, 8y). Models have been iteratively solved one thousand times,
and output distributions of maximum settlement and angular rotations were recorded.
Probability density functions (PDF) were fitted to the outputs, and probability of failure (Pr)
for footing deformation limits was subsequently estimated. Proposed hazard curves for two
anisotropy and three variability categories were developed employing the estimated Pss. The
method proposed has been validated using an independent database of in-situ results, and a
worked example was provided to illustrate the implementation of the process. The key
contribution of the research is to form hazard curves for shallow foundations considering
elasto-plastic soil behavior with the impact of all influencing parameters, respecting the limit
values for foundation deformation in the design codes. The proposed technique offers a
probabilistic evaluation of strip footings with spatial variation of clayey soils and a valid
method for the reliability-based design of foundations in the serviceability limit state.

Keywords: Random field finite element method, strip footings, soil-foundation-structure
interaction, reliability-based design, serviceability limit state, cohesive soils.
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1. INTRODUCTION

Strip footings are simple yet effective superficial foundation systems, making them one of
the initial alternatives to the design process. In most cases, strip footings fail by exceeding
the serviceability limits (SLS) before reaching the ultimate limit state (ULS). Accordingly,
the SLS governs the design rather than ULS in practice. Hence, many design regulations
recommend deformation limits for footing design by SLS. For example, Eurocode 7 suggests
a 25 mm maximum settlement for the serviceability limit of strip footings [1]. Regardless of
the limit state considered, the primary factor for a sound foundation design is the
determination of the soil parameters which accurately represent the site conditions. Any
geotechnical solution may have three sources of uncertainties within this context: inherent
soil variability, measurement error, and transformation uncertainty [2,3]. Measurement error
and transformation uncertainty can be minimized by increasing the number of samples and
using highly correlated equations. The inherent soil variability, the principal source of
uncertainty, must be considered through probabilistic methods. Suitably, engineering codes
such as Eurocode and ISO (International Organization for Standardization) accept the
Reliability-Based Design (RBD) approach, representing the geotechnical parameter variation
as a random variable fitting a probability distribution [4,5]. Reliability index () is the
primary measure for RBD, and the design regulations recommend a target value 3 to achieve
a reliable foundation design.

One of the practical tools to express the soil spatial variability is random field (RF) theory,
which seeks to model complex patterns of variation and interdependence in cases where
deterministic treatment is inefficient and conventional statistics are insufficient [6,7]. The
first geotechnical application combined the random field theory with the finite element
method on a footing settlement analysis using Taylor series expansion, entitled the stochastic
finite element method (SFEM)[8]. Since the series expansion requires complex mathematical
solutions, a practical alternative named the random field finite element method (RFEM) was
developed, which preserves the probability distribution of deformation by iteratively solving
random field realizations. The study conducted by Griffiths and Fenton in 2009 revealed that
RFEM provides more reliable results than SFEM, especially in higher-order spatial variation
[9]. RFEM can be applied to most shallow foundation problems, including the analysis of
maximum settlement of strip footing [10—12], differential settlement of two strip footings in
plain strain condition [13,14], maximum and differential settlement analysis of spread
footings by RFEM in 3D [11,14]. There were further investigations on shallow foundation
analysis by RFEM with eccentric and inclined loading cases [15,16]. These studies disclosed
the need for soil uncertainty for foundation design, as soil spatial variability substantially
affects failure modes and bearing capacity of shallow foundations [17,18]. From this point
of view, the design of strip footings by deterministic methods leads to an over- or under-
design compared to the RBD of footings. Thus, all related previous studies emphasized the
significance of soil spatial variability.

Recent studies investigated the deformations of shallow foundations on elastic soil [19-22].
These works well represented the soil spatial variability, albeit the actual stress-strain
behavior of soil can be overlooked due to the elastic conditions. The research on the nonlinear
behavior of soil utilized Mohr-Coulomb (MC) failure criterion with Young’s Modulus (E)
random field for deformation analysis of single strip footing [10,23] and differential
settlement analysis of two neighboring strip footings [13]. However, the studies solved the
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problem with a single random variable. Another study considered the nonlinear soil behavior
by MC failure criterion and employed Poisson’s ratio v as a random field in addition to
Young’s Modulus E [15]. A study by the first author performed RFEM in a 2D strip footing
problem with CPT-based RF of soil deformation modulus (Eq4), considering MC failure
criterion [24]. Regardless of the number of parameters employed, footing deformation
researches used rigidity and excluded the shear strength parameters. On the other hand, the
undrained shear strength parameter was deemed in the bearing capacity investigations for
shallow foundations on clay, and the deformation behavior was excluded [25-27]. The
current investigation defines soil strength and stiffness parameters as random fields for the
reliability evaluation of strip footings on clay utilizing RFEM. The finite element analysis in
the study considered the elasto-plastic clay-like soil behavior, deformation modulus and
shear strength parameters (c and ¢) were employed as random field inputs. The present work
aims to create a sequence of hazard curves against maximum settlement and angular rotation
for probabilistic shallow foundation design on clays. The current literature contains a related
study on hazard curves for bearing capacity with the Tresca failure criterion [28]. However,
the study covered ULS solution with a single shear strength parameter, and there was no
previous study on hazard curves against footing deformations. The key contribution of the
latter study is to develop a design framework for the reliability assessment of shallow
foundations on spatially varying clay obeying the deformation limits in design codes. The
proposed procedure will offer a valid method for RBD footings with SLS and probabilistic
evaluation of strip footings taking soil spatial variability into account.

2. RANDOM FIELD FINITE ELEMENT METHOD (RFEM)

The controlling parameters of strip footing deformations on cohesive soils are the
deformation modulus of soil Eq4 and the shear strength parameters ¢ and ¢. Defining these
random field inputs is the initial step in developing the method. Once the random variable
fits a probability distribution, the field is then determined by the correlation function, which
depends on the variation distance of the random parameter in the field called correlation
length 6. Markov correlation function in Eq.1 was adopted for 2D Gaussian random field
case [7]:

p(t) = exp (— o _ ﬂ) (1

o 6y

where 7 is the distance between two random variables in the field, 6, and 6, are the horizontal
and vertical correlation lengths, respectively.

2.1. Random Field Discretization and Meshing

The discretization of RF facilitated the assignment of a random variable in a random field
mesh element. The continuous Gaussian random field function f{x) became a set of f(x) =
{f;} by discretization. Non-Gaussian random variables were transformed into an equivalent
Gaussian field since the discretization of the field employed linear transformation, which
remained Gaussian after the process. In the latter research, the series expansion technique
(SE) was employed for the random field discretization. The early studies on SE method
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discretized the random field by spectral decomposition of Karhunen-Loeve (KL) series
expansion [29,30]. The random field is represented as infinite series with standard normal
variate §;, eigenvalues A; and eigenfunctions g;(x) of the correlation structure given in Eq.2:

fG) = u® + 0321 6Ai9:) 2

The eigenvalue problem is calculated using the integral solution of Eq.3:
Jop(xx)gi(x)dx' = 24,9:(x) 3)

In this way, a finite random variable of {; represents the random field, and the discretized
form of the field function with the r term is given in Eq.4. The truncation is applied with
minor errors once the decay of the eigenvalues of expansion is described [31]. The truncation
error was negligible since the terms having the highest eigenvalue were used.

F& = pu® + o(x) Xi=; §Ai9:(®) @)

There were developments in the approximation to the integral solution of the eigenvalue
problem instead of directly solving Eq.3. One of the studies transformed the integral problem
into a matrix eigenvalue problem by discrete integration rule [32]. Other approaches for the
solution of Eq.3, such as Galerkin-type approximation [33] and wavelet-Galerkin scheme
[34]. The present study discretized the random field by KL series expansion, and the
eigenvalue problem was solved in MATLAB by transforming Eq.3 into a matrix form.

|FORMATION OF RANDOM FIELD | |

1) GEOMETRY AND LOADING CONDITIONS |
x

DISCRETIZATION
fe=tfi}
o v
- >

8y I 11 1 fs fe f fs
/‘I}

fn2 S

RANDOM FIELD MESH FINITE ELEMENT MESH

—

ANALISYS BY
RFEM MODEL

Fig. 1 - RFEM Meshing steps
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Two separate meshes were recommended in the random field-based FEM analyses [35].
Theoretically, FEM and random field meshes are independent since their size selection
criteria differ. FEM mesh size is selected by considering the model loading conditions and
geometry. However, the random field mesh depends on the correlation length of the random
parameter, and the random field mesh is more significant than the FEM mesh in RFEM. Fig.
1 illustrates the use of two meshes in RFEM solutions.

The current investigation followed the practical rule found in the literature. The random field
mesh sizes are coarser than the FEM mesh sizes after the geometry, loading, and correlation
length conditions are fulfilled [36]. The ratio of the random field mesh sizes to the varying
correlation lengths was set to 1.

3. RFEM MODELLING OF SHALLOW STRIP FOOTING

The probabilistic results of the RFEM model for strip footing subjected to a vertical line load
were investigated. The line load was determined as P=250kN/m, corresponding to the SLS
characteristic settlement limit of 25 mm. Analyses were performed in finite element software
ANSYS 2021 R2, and all the formulations of FEM and material models were taken from the
theory reference of the code [37]. The overall equilibrium for the elastic static structural
analysis is as follows:

[Kl{u} = {F} (%)

where [K] is the total stiffness matrix (which is the sum of element stiffness matrices [Ke]
over the N number of finite elements), {u} is the nodal displacement vector, and {F} is the
load vector in Eq.5. The random field of (E4) generated the probabilistic [K] matrix, which
consists of the field realizations. The total stiffness matrix was then re-defined in the form of
Eq.6 since the random field was defined by KL series expansion with r term and mean values
of stiffness matrix [Ko]:

[K] = [Ko] + Xi=1[Ki]&; (6)

In that way, a probabilistic displacement vector {u} was obtained in RFEM. The influence
of cohesive soil behavior was considered (models entitled CLAY henceforth), and the linear
elastic-perfectly plastic Mohr-Coulomb model was employed so that ¢ and ¢ constitute the
yield surface. Since the shear strength parameters were random fields in the latter study, the
stress vector {G} in the fundamental stress-strain equation (Eq.7) also became probabilistic:

{0} = [DI{e*'} = [D]{e — &'} (7

where [D] is the elasticity matrix, &, £ and € are total, elastic, and plastic strain vectors,
respectively. A representative model is demonstrated in Fig. 2; the drained condition of the
soil was considered, and the groundwater level was assumed to be below the investigation
depth of the soil layer. Soil and footing bodies were modeled using a 3D 10-Node tetrahedral
structural solid (SOLID187). Concrete material properties were assigned to the footing solid.



Hazard Curves for Reliability Assessment of Strip Footings on Spatially Varying ...

Contact surfaces were defined between the footing and soil bodies: 3D 8-node surface-to-
surface contact element (CONTA174) was associated with a 3D target segment (TARGE170)
using shared geometric characteristics as the underlying element. The software allows the
stiffness variation at the contact point as if there were springs with different stiffness values
than the contact body stiffness at these points. The input of stiffness ratio is called FKN in
the code, and the value of 0.67 was adopted by remaining within the typical interval of
rigidity and strength ratio for soil-structure contacts [38].

P
! ‘.
D=2
B mIIm¢ + Strip footing

B=4m

Cohesive Soil

L

Fig. 2 - RFEM model of strip footing

3.1. Dimensions and Boundary Conditions

Dimensions of the soil body were formed so that the deformation contours were not affected
by the boundaries (Fig. 3). RFEM model was created using 3D solid elements with 1-meter
thickness, and the boundary restraints provided the plane strain conditions. The model base
was fixed, deformations in the x and z axes were constrained on the sides, and the z-axis was
constrained on the front and back. Model limits (H and L), dimensions of strip footing (B, t,
Dy), loads (P), and physical properties of soil are kept deterministic. Poisson’s ratio (v) of

| ; 4.5B =18

0000 5000 10,000 (m)

2500 7500

Fig. 3 - RFEM Model dimensions
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soil was constant as a typical value of 0.35 for cohesive soils since the influence of v variation
in RFEM can be negligible [39].

3.2. Random Variables and Deformation Limits

Mean values of spatially varying inputs were selected as typical values in the literature
[38,40]. The values are presented in three variability categories according to the coefficient
of variations (COV): LOW, MID, and HIGH (Table 1).

Table 1 - Random variables in the model

Mean Values (p)

pe=15 MPa pe=5 kPa pe=20° Variability
COV=0.60 COV=0.30 COV=0.10 LOW
(2-83 MPa) (2-13 kPa) (14-28°)

COV=0.70 COV=0.40 COV=0.15 MID
(2-103 MPa) (1-17 kPa) (12-339

COV=0.80 COV=0.50 COV=0.20 HIGH
(1-126 MPa) (1-22 kPa) (10-38°)

All the parameter limits remained within the ranges suggested in practice. Correlation lengths
are given dimensionless ratio (®y) in the horizontal direction in terms of B and the vertical-
to-horizontal ratio in the vertical direction. The accepted values are given in Table 2, and the
correlation length intervals remained within the limits recommended in the literature [41,42].

Table 2 - Correlation lengths in the analyses

Parameter Value
=0,/ B 0.250.50 1.00 2.50 5.00 10.00 (64,=1-40m)
On/ 0y 2.00 10.00 (6,=0.1-20.0m)

Proposed hazard curves for maximum settlement and angular rotation of strip footing have
been established according to the characteristic hazard limits found in the literature [43,44]:
Safe Limit, Minor Damage, Medium Damage, and Major Damage (Table 3).

Table 3 - Deformation limits for hazard curves

Criteria Limit
Total Max. Settlement Safe Limit 25
(mm) Medium Damage 35
Major Damage 50
Angular Rotation (6/B) Minor Damage 1/1000
Safe Limit 1/500
Major Damage 1/250
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3.3. Generation of RF Inputs

RF soil parameters were defined using an open-source MATLAB function called
“randomfield” [45]. The function generates Gaussian random field realizations, given the RF
mesh and correlation structure. RF inputs were assumed to fit a log-normal distribution to
eliminate the negative values in the realizations. Mean (p) and standard deviation (c) were
transformed into equivalent normal distribution forms to define Gaussian RF:

oy =+/In(1+CO0V2)  uy =In(w) - 050 ®)

RFEM models were constructed with the correlation lengths given in Table 2, and equivalent
normal distribution parameters of each model were calculated using Eq.8 with the mean
values and COVs. An exemplary process of RF realizations of the CLAY'1 model for LOW
variability has been elucidated. Standard Gaussian RF with u=0 and c=1 (g;) was initially
generated with the geometry and correlation info, and g; was subsequently transformed into
F; field utilizing Eq.9:

F; = exp(un + oin- 91) 9

Realizations of the E,4 field were calculated as follows: F; = exp(2.5543 + 0.5545. g;). The
process was iterated for RFs of shear strength inputs ¢ and ¢ such that each RFEM model
contained nine random fields for three main inputs and three variability categories.
Representative realizations of each parameter for CLAY 1 model LOW variability were given
in Fig. 4. The parameter fluctuations along depth and in the horizontal direction depicted the
intrinsic soil uncertainty owing to geological conditions such as stratification, faulting, soil
deposition, over-consolidation, or desiccation.

3.4. Analysis Framework

The RFEM analysis algorithm in the study started by generating RFs for soil stiffness and
shear strength parameters using MATLAB. The function automatically discretized RFs by
the KL series expansion method. CLAY models were established in FEM software, and the
soil body was divided into tiny rectangular prisms according to the values of 6, and 6,. Each
value in the RF realizations of the inputs was assigned to the center of the corresponding
random field mesh elements. The overall model geometry is listed in Fig. 5. Each model
contained ¢ ¢ and Eq RFs simultaneously, and RFEM models were set to analyze one
thousand iterations involving all realizations with three variability categories. Thus, each
model performed three thousand iterations for all variabilities. The histograms of footing
deformations were attained, whereupon the analyses and appropriate probability density
functions (PDF) were fitted to the output distributions. PDFs were utilized to estimate the Pss
for the deformation limits. The values of Py, 0, and 0, constructed the proposed hazard curves,
and each hazard curve comprised three damage limits for RBD of a shallow foundation
according to multiple damage limits. The main framework of the investigation explained is
illustrated in Fig. 6.
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c (kPa)

0 5 10 15 20 25 30 35 40
Horizontal distance (m)

0 5 10 15 20 25 30 35 40
Horizontal distance (m)

E, (MPa)

0 5 10 15 20 25 30 35 40
Horizontal distance (m)

Fig. 4 - Representative realizations of ¢, ¢, Eq RF's for CLAYI model LOW variability
category
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Fig. 5 - RFEM models in ANSYS
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Fig. 6 - Main algorithm for the development of the proposed hazard curves
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4. RESULTS

Vertical nodal displacements on the left and right edges of the footing (Wi, Urigth) Were
recorded. The absolute maximum of these nodal displacements represented the total
settlement (Smax), and the absolute difference between them represented the angular rotation
(tana) depicted in Fig. 7.

Each model performed the iterations, and six output distributions were obtained for all
variability categories (three for total settlement and three for angular rotation). Log-normal
PDF fitted the total settlement outputs (Fig. 8a), and Gamma distribution fitted the angular
rotation results (Fig. 8b).

Yerd | o-=7T Lyl
v ool -7
5] 4.
B
< —>
6 —
tana = E Smax_n]ax(uleftaurigth)

Fig. 7 - Maximum total settlement and angular rotation of the strip footing

70 T T T 900 T T
a ] ——CLAY3-LOW Data M b ——CLAY4-MID Data
6ol /\— —Lognormal PDF _ | | 800 r ——Gamma PDF 4
7 700 |
50
600
2407 1 2500 K
(7} (2}
5 a 5 K
0 30f 0 400
300 N
20+
200
10+
0 100
0 0
0.01 0.02 0.03 0.04 0.05 0 1/1000 1/500 1/250 1/150
Max. total settlement of footing, S max (m) Angular rotation of footing, tan«

Fig. 8 - Representative PDFs for max. total settlement (a), and angular rotation (b) outputs
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4.1. Hazard Curves for Total Maximum Settlement of Strip Footing

The distribution fitter tool was utilized to derive the log-normal cumulative distribution
function (CDF) of output PDFs allowing Prto be estimated directly. All values were reported
within a 95% confidence interval, and a sample CDF was presented in Fig. 9. The multiple
01/, ratios allowed the anisotropic soil behavior to be considered along with three variability
categories. Fig. 10 depicts six proposed total settlement hazard curves for the variability and
anisotropy categories. Each color in the graphs embodies different hazard limits, and dashed
lines are the confidence bounds of the corresponding hazard curve. Hazard curves illustrated
minor deviations in failure probabilities beyond ®y=1.0~2.5 relative to changes up to this
critical interval. Since the larger the soil volume under the foundation up to a critical value
in footing size, the greater the impact of the soil spatial variation.

1.0 —

0.9’ /,’J,/ 4

0.8 4 ]

o
3
:

s

o
(o]
T
I

Cumulative probability
o o
IS 3

o
w
T
I

0.2 | ]
A ——CLAY4-MID Data
01k f ——-Confidence Bounds| 1
7 ——Lognormal CDF
0.0 ‘ ‘ ‘ ! ! ! ‘ ‘

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
Max. total settlement of footing, S nax (m)

Fig. 9 - Representative CDF for total settlement

4.2. Hazard Curves for Angular Rotation of Strip Footing

The analogy explained in section 4.1 was followed, and Gamma CDF outputs with the 95%
confidence level were constructed. The horizontal axis in the CDF plot has been given in
fractions obeying the common notation of rotational limits in practice (Fig. 11). Proposed six
hazard curves for angular rotation of strip footing was given in Fig. 12.

All the angular rotation plots showed a peak at ®y=5, and beyond this value the curves
dropped off dramatically near zero, meaning there was no angular rotation in the foundation.
In other words, the impact of soil spatial variation in the horizontal direction was critical up
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to five times the footing size. Beyond this limit, the soil layer below the footing behaved
uniformly regarding soil variability, and no angular rotation occurred.
0h10v=2 0hI0v=10
LOW VARIABILITY LOW VARIABILITY

Pf for total settlement
Pf for total settlement

0.25 050 1.00 250 5.00 10.00 100.25 0.50 1.00 250 5.00 10.00

Pf for total settlement
Pf for total settlement

10® '
025 050 100 250 500 1000 Y055 050 100 250 500 1000

o

HIGH VARIABILITY

10°
“/’_—'——“—“*5/

c c
£ £
g 107 b
@ @
n n
I I
L L
5 10 5
g a” —@— Safe Limit
/ Medium Damage
—— Major Damage
10°© 106
025 0.50 1.00 2.50 5.00 10.00 0.25 0.50 1.00 2.50 5.00 10.00
eh @h

Fig. 10 - Proposed hazard curves for maximum total settlement of strip footing
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Fig. 11 - Representative CDF for angular rotation output

4.3. Verifications

The effect of mesh scenarios on the deformation behavior of the shallow footing model was
examined. Triangular meshes were first generated on a test model with uniform element size,
and the settlement of the foundation for this case was recorded. Refined mesh around the
footing body was then applied, and the results of this case were also recorded. Load-
deformation curves for refined and uniform meshes were compared, and it was confirmed
that changing the mesh settings did not influence the deformation behavior.

The RF generation method in the present study was adapted to a reference study on RFEM
evaluation of shallow footing. The reference model contained a random field of elasticity
modulus for soil [20]. Fig. 13 demonstrates a representative realization of E from the
reference work with a mean and standard deviation of 40 MPa and uniform RF with 6=3m.

RF from the prior study was re-generated utilizing the technique of the current research with
relatively close ranges to the verification reference. Two representative realizations were
given, confirming the validation of the RF generation method used (Fig. 14).

The RF generation function automatically truncated the KL expansion, eliminating the need
for a truncation error estimate. For instance, 1600 eigenvalues were employed to generate the
40x40 RF model. The decay of eigenvalues of a representative RF generation demonstrated
that the function efficiently truncates the expansion (Fig. 15). All RF generations were
controlled utilizing the decay of eigenvalues and the decline was shown to converge to zero,

confirming the slight truncation error [31].
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Fig. 12 - Proposed hazard curves for absolute angular rotation of strip footing
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0 = 10 15 20 25 30

Fig. 13 - Representative realization from verification reference [20]

0 5 10 15 20 25 30

Fig. 14 - Realizations by the method in the present work with the parameters of reference
Study

The verification reference was also used for the analysis steps confirmation of the current
investigation. RFEM attained the total footing settlement with five thousand realizations
according to the reference model. Fig. 16 delineates the comparison of reference and
calculated output PDFs, and it was found that the outputs of the method were close to the
findings of the reference study. Thus, the main framework in the present study has been
verified.
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Fig. 15 - The decay in eigenvalue for a representative RF generation
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Fig. 16 - Output PDFs calculated by the present method and adopted from the reference
study

4.4. Validation of Proposed Hazard Curves

Proposed hazard curves enable the evaluation of shallow foundations utilizing RBD criteria
following the soil horizontal and vertical spatial variation in a studied region. Since this type
of guidance must be validated before use, a calibration model was produced in the current
work analogous to the RFEM models. An actual database was employed to generate RF
inputs of the validation model, and the outputs were compared with the proposed hazard
curves. An open-source CPT database (304dB) from the International Society of Soil
Mechanics and Geotechnical Engineering (ISSMGE) Technical Committee for Risk

18
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Assessment TC304 was used in the validation study. The database entitled TX-CPTU was
used to evaluate the proposed hazard curves. The corresponding database contains 9 CPT
soundings on stiff over-consolidated CL/CH clays from a region in Baytown, TX, USA. The
horizontal spacing of each test point varies between 7.6 to 28.7 m, and the testing depths vary
between 3.7 to 15.3m. Extensive research in the region reported that the mean value of
correlation length was 0.849m in the vertical direction and 5.830m in the horizontal direction
[46]. Thus, 6,=0.800m and 0,=5.800m were assumed in the RFEM validation model. The
statistical values of RF inputs (Eq, ¢, and ¢) were calculated by CPT correlations [47—49],
and RFs were generated from 9 CPT in the database. Statistical information of the validation
model was summarized in Table 4, and the low variability category was set for the region
according to the input COVs.

Table 4 - RF input statistics from the TX-CPTU database

Parameter Average Minimum Maximum
n 47089 39480 57560
Eq (kPa) c 13967 10260 16607
COV (%) 29.8 24.1 393
n 5.0 3.6 5.8
c' (kPa) e} 4.2 2.8 7.0
COV (%) 84.2 60.4 131.2
n 35.8 324 38.2
¢'(°) c 5.5 4.1 7.0
COV (%) 15.4 12.4 18.2

The validation model was iteratively solved in FEM code for one thousand realizations, and
outputs of total settlement and angular rotation of the strip footing were recorded. Failure
probabilities were consequently estimated for the results using the hazard limits. According
to the correlation lengths of the validation database, 6;/B=5.8/4= 1.45 and 6,/6,=5.8/0.8=
7.25 were found. Therefore, the comparison was performed employing the low variability
hazard curve with 6,/0,=10 for total settlement and angular rotation. The results were
scattered on the corresponding hazard curves, and all resulting points were within the
confidence bounds of the curves confirming that the use of proposed hazard curves is valid
for RBD of shallow footings on cohesive soils (Fig. 17).

4.5. Worked Example

Many international regulations include the reliability-based design of shallow foundations;
for example, ISO has published a standard for the reliability of structures that accepts the
probabilistic methods to achieve target reliability [5]. The standard accepts first-order
reliability methods (FORM) or full probabilistic methods such as RFEM. Implementation of
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the proposed procedure in this context is demonstrated using a worked example of a steel-
framed industrial structure supported by 3m wide strip footings sitting on cohesive soil at
1.5m depth. The geometrical detail of the example structure is illustrated in Fig. 18.

LOW VARIABILITY, 6,/6 =10 LOW VARIABILITY, 0,/0 =10

P, for total settlement
Pf for angular rotation

—e—Safe Limit
Medium Damage
—=—Major Damage
o CPTP(s,, >25mm)| 1
+ CPT P(smax>35mm)
-« CPTP(s, >50mm)

—e—Minor Damage
—+—Safe Limit

—=—Major Damage \
—e—CPT P(/B>1/1000) \
—+—CPT P(4/B>1/500)
—=—CPT P(5/B>1/250)

L | 1 -6
0.25 0.50 1.00 250 5.00 10.00 00.25 0.50 1.00 2.50 5.00 10.00

(G h (G h

Fig. 17 - Validation of hazard curves with CPT database

A vertical load combination was applied, and the imposed loads for a typical industrial
structure were adopted. The exemplary combination of dead load (DL) and live load (LL)
was assumed as follows: DD+LL=5+7.5 kN/m2. The results of one frame were considered,
and the calculations were given per frame (plane strain condition). It was presumed that a
sufficient quantity of soil samples had been collected for the reliability assessment. Soil
properties were taken as the mean values from Table 2; pg =15MPa, pu.=>5kPa, p14=20°, and
COVs 0.70, 0.40, 0.15, respectively; confirming the medium variability condition. In
addition, soil spatial variability evaluation was assumed to be performed, and 6, =3.00m
0,=1.50m was given.

The requirement was to check the existing footing dimensions for the listed parameters. The
intermediate structural tolerance to footing settlement was assumed to take the medium
damage limits into account. Initially, the analytical (so-called deterministic) solution for SLS
calculated the minimum required footing width. Consequently, the soil variation was
considered, and computations were performed for the target reliability index (Brarget). ISO-
2394:2051, in cooperation with JCSS (Joint Committee of Structural Safety), recommends a
target reliability index (with associated failure probability) for a one-year reference period
with irreversible SLS of B=1.70(P#5.102)[50]. The hazard curve for 0;/0,=3.00/1.50=2.00
and MID variability category was selected, and Pr was read for @,=0,/B=3/3=1 as 8.10
(B=1.40<PBrarger)- Since the target reliability was not fulfilled, the footing dimension should
be adjusted accordingly. From the corresponding hazard curve, ®,~0.90 was read off for the
corresponding target P=5.10"2. Thus, the resized footing dimension was as follows: @,=01/B,
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0.90=3.00/B => B=3.33m. FORM also computed the footing dimension for Praret, and the
summary results of comparison with the proposed method are listed in

Table 5. The comparison disclosed that the prior footing size was insufficient. Furthermore,
it was also noted that the analytic solution does not meet the reliability assessment
requirements. Therefore, the aid of a probabilistic technique was essential, particularly in the
case of high fluctuation in soil properties.

DD+LL
[ T T T T T T T T T T T

Fig. 18 - Structural geometry of the worked example

Table 5 - Comparison of footing dimensioning by different methods

Analytical Probabilistic Methods
Given | Required by SLS FORM Proposed Hazard
Curves
Footing Dimension, B (m) 3.00 3.15 3.36 333

FORM and the proposed method gave analogous results, but the technique only considered
variation in soil properties, not spatial variability. On the other hand, the proposed framework
highlighted the necessity of evaluating the spatial variability for RBD of the strip footings by
SLS. Table 6 exhibits the differentiation of FORM and the presented method results for
footing sizes when considering the spatial variation of soil. The results of the proposed hazard
curves indicated that if spatial variability is overlooked in a reliability assessment, the
dimensioning could be over- or under-designed depending on the rate of ground uncertainty.
The proposed procedure of the latter research has efficiently described this case.
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Table 6 - Comparison of dimensioning results for different spatial variability cases

On(m) | Oy (m) | Brorm (m) | B from hazard curves | Brroposea (m) for Brargec=1.70

3.00 1.50 3.36 1.40 333
10.00 1.00 3.36 1.00 5.00
5. CONCLUSION

The present work proposed hazard curves for footing deformation of strip foundations on
cohesive soils with the variability and anisotropy categories. Hazard curves were constructed
considering the variations in soil shear strength and rigidity parameters. The multiple 61/6,
ratios allowed the anisotropic soil behavior to be considered along with three variability
categories The necessity of quantifying soil spatial variability for RBD of strip footings on
cohesive soils was underlined.

Overall settlement hazard curves exhibited minor deviation in failure probabilities over
®,=1.0~2.5 compared to variations up to this critical range. The reason was that the larger
the soil volume under the foundation up to a decisive value in size B, the greater the impact
of the soil spatial variation.

All plots for angular rotation showed a peak at ®,=5, and beyond this value curves dropped
off dramatically near zero, meaning there was no angular rotation in the footing. In other
words, the influence of spatial variation of soil in the horizontal direction was critical up to
five times the footing size. Beyond this limit, the soil layer below the foundation behaved
uniformly regarding soil variability, and no angular rotation occurred.

Proposed hazard curves for shallow foundations were introduced to the literature, considering
both elasto-plastic soil behavior with the Mohr-Coulomb failure criterion and the impact of
all influencing parameters that comply with the deformation limits in the foundation
regulations. The proposed technique provided a probabilistic study of strip foundations
considering the spatial variation of clayey soils and a valid procedure for RBD with SLS.
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: cumulative distribution function
: coefficient of variation

: cone penetration test

: dead load

: finite elements

: finite element method

: normal stiffness factor

: first order reliability method

: Karhunen-Loeve

: live load

: Mohr-Coulomb

: probability density function

: reliability-based design

: random field

: random finite element method

: stochastic finite element method

: serviceability limit state

: rotation angle

: reliablity index

: settlement difference

: total, elastic and plastic strain
: angle of shearing resistance

: eigenvalue of random field

: mean

: Poisson’s ratio

: random field domain

: correlation function
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c : standard deviation
{c} : stress vector

0, Oy, O : correlation length, horizontal and vertical correlation length

On : dimensionless horizontal correlation length
T : distance between two random variables
&i(0) : standard normal variate
B : footing width
c : soil cohesion
D : elasticity matrix
Dr : depth of embedment
E, Eq : modulus of elasticity, deformation modulus of soil
{F} : load vector
Fi : random field matrix
fi : random field realization
gi(x) : eigenfunction of random field
K] : rigidity matix
P : probability of failure
Smax : maximum total settlement
t : footing thickness
{u} : displacement vector
X : random variable vector
Xi : random variable
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ABSTRACT

The overall behavior of cold-formed steel (CFS) members is significantly affected from
existing geometric imperfections. In this work, a mode shape-based imperfection coefficient
computation method is developed to investigate the effects of initial geometric imperfections
on member behavior. The point clouds of CFS members are collected and used to extract
imperfection distributions and coefficients. The computed coefficients are integrated into the
numerical model for analysis. Finally, axial loading tests are conducted to compare the
numerical and experimental results. The results obtained using mode shape-based
imperfection coefficients are generally closer to the experimental results than the common
method used in practice.

Keywords: Cold-formed steel members, geometric imperfection detection, 3D scanning,
finite element analysis, effects of initial geometric imperfections, automated deviation
detection, column tests.

1. INTRODUCTION

The use of CFS is widespread in low-rise residential and industrial buildings. Especially in
recent years, CFS usage has progressed visibly with advancing technology and increased
research on this subject. From a usage point of view, CFS has many advantages. CFS has a
high strength-to-weight ratio, dimensional stability, does not expand with humidity, etc. Even
though CFS construction has several advantages, the members are prone to geometric
imperfections during manufacturing, transportation, and installation. These geometric
imperfections then significantly affect the individual behavior of CFS members.
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Previous research performed on CFS structures showed that the accuracy of the numerical
models generated to analyze the behavior of CFS members is directly dependent on the model
inputs. In particular, how the geometric imperfections in the CFS members are reflected in
the numerical model significantly changes the analysis results. This paper aims to use point
clouds collected from CFS members by three-dimensional scanning technology to detect
each CFS member’s geometric imperfections automatically. The detected geometric
imperfections are then represented in terms of mode shapes determined by an eigen-buckling
analysis. Finally, the obtained mode shape-based imperfection coefficients are integrated into
the numerical model to investigate the effects of geometric imperfection on CFS member
behavior. The obtained numerical results are then compared with experimental results.

Several studies in the literature focused only on extracting geometric defects from CFS
members. Peterman [1] used a specialized setup to measure imperfections at seven different
spots (one specific location at a time) around the cross-section. Seven locations at the cross-
sectional level were used by McAnallen, Padilla-Llano [2] to measure imperfection fields.
They created a standard method for representing geometric imperfections using these
observations as well as measurements from earlier studies. Zhao, Tootkaboni [3] created a
test system that comprises a 2D line laser spanning widths up to 240 mm as the first attempt
to apply 3D measurements for CFS geometric imperfection distribution extraction. To study
the buckling deformation of built-up CFS columns, Salomon, Fratamico [4] used high-
resolution optical cameras and computer vision techniques to construct 3D models that
included position and time data. High-fidelity measurements of geometric imperfections
were carried out by Zhao, Tootkaboni [5], who then used these data to characterize the
distributions of geometric imperfections per different simulation techniques. In another
investigation, cross-section dimensions and imperfections were determined using laser scan
data of CFS members by Zhao, Tootkaboni [6]. Finally, to measure variations in CFS channel
sections, Selvaraj and Madhavan [7] employed a 3D non-contact laser scanning technique.
For the extraction of geometric imperfections, 27 deviation measurement points at the cross-
section level were used. However, the effects of the extracted defects on CFS member
behavior were not investigated in these studies.

The following studies, on the other hand, have concentrated both on extracting geometric
defects and examining how they affect the behavior of CFS members. In Dubina and
Ungureanu [8], several methods were developed to detect geometric imperfections and their
integration into the finite element model. They discussed the effects of local and distortional
geometric imperfections on buckling strength. Another study was performed to model
geometric imperfections using different methods and compared the obtained results with the
experimental results [9]. Zeinoddini and Schafer [10] developed a technique that combines
modal approaches and spectral representations to extract the distributions of geometric
imperfections. Nonlinear collapse analysis was performed using the obtained imperfection
distributions. Garifullin and Nackenhorst [11] conducted a nonlinear buckling analysis on C-
section columns. The sensitivity of the load-bearing capacity of CFS members to the
geometric imperfections was examined. Another numerical study investigated the effect of
initial geometric imperfections on the ultimate moment capacity of simply-supported sigma-
sectioned CFS beams [12]. Sadovsky, Krivacek [13] examined the effects of initial geometric
imperfections on CFS members’ buckling strength by performing computational modeling.
This study aimed to determine the most unfavorable geometric imperfections represented by
the eigenmode shapes in the geometric and material-nonlinear finite element analysis (FEA)
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of CFS members with imperfections (GMNIA). Zeinoddini and Schafer [14] performed an
experimental study to characterize global bow, camber, and twist in CFS- lipped channel
members and record the dimensional changes. Martins, Dinis [15] carried out a numerical
investigation to observe the influence of local—distortional (L-D) interaction on the ultimate
strength of web-stiffened and lipped channel CFS columns. In Li [16], the effects of
geometric imperfections on the buckling mode interaction of C-sectioned CFS members were
observed. Nonlinear collapse analyses were performed using ABAQUS/CAE [17] to
investigate these interactions. Deformations obtained from the analyses were divided into
local, distortional, and global deformation modes.

The previous studies mentioned above, although valuable, have limitations in representing
the actual geometry of CFS members due to the use of a limited number of data points. To
overcome this limitation, it is crucial to develop robust strategies that can extract defects from
entire geometric representations. In this paper, an improvement is made by obtaining the
geometric imperfections of each CFS member from point clouds captured through a 3D data
collection system. These extracted imperfections are then integrated into numerical models
to investigate their effects on member behavior. Additionally, axial loading tests are
conducted on the previously scanned CFS members to validate the results obtained from the
numerical models. Prior research on axial loading tests of CFS members and numerical
modeling is also examined to ensure successful tests and the development of efficient
numerical models capable of accurately capturing observed behavior [18-22].

The structure of the work presented in this paper is as follows. To begin with, the point clouds
that fully reflect the geometries of the scanned objects are obtained. Later, the method
developed to obtain geometric imperfections in the members using point clouds
automatically is laid out. Then, the obtained geometric imperfections are integrated into the
numerical models to investigate the effects of these imperfections on the members’ behavior.
The finite element analysis performed to observe these effects is carried out in two steps.
First, an eigenvalue elastic buckling analysis is performed to establish the buckling modes
(eigenmodes). The members’ extracted geometric imperfections are then decomposed into
the deflected member shapes corresponding to each buckling mode to obtain imperfection
coefficients. Second, a general geometrical and material nonlinear static analysis with
imperfections (GMNIA) was performed to simulate the structural behavior of CFS members.
Parallel to these studies, axial compression tests are carried out on previously scanned
members. The experimental results are then compared with the finite element analysis
outputs obtained for traditional and point cloud-based geometric imperfection integration
strategies.

2. POINT CLOUD DATA COLLECTION

In this work, geometric imperfections on CFS members are extracted automatically from
point clouds collected via a 3D data collection system.

2.1. Details of the Available CFS Members

In total, 16 C-sectioned CFS members with varying dimensions and with/without pre-
punched slotted web holes are examined in this work. The investigated CFS members are
labeled as follows: cross-section type — nominal web height — member length — specimen
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with or without holes — sequence number. All the investigated CFS members have a flange
width of 45 mm, web height of 90 mm, lip width of 10 mm, and thickness of 1.2 mm. For
example, C-90-900-NH-1 represents a first C-sectioned member with a web height of 90 mm,
member length of 900 mm, and no holes.

2.2. Scanner used for Point Cloud Collection

A 3D optical scanning system, a Breuckmann 3D scanner (rebranded as SmartScan,
HEXAGON [24]) with the highest accuracy of 3 microns, is used to collect point clouds.
This scanner offers mono and color scanning with medium to super-high resolutions. The
field of view varies from 30 mm to 1.5 meters. Each CFS member is positioned 1 meter away
from the scanner during scanning, and the high-resolution option is selected. The scanner is
then moved around the member to obtain full coverage. Further detail on the collected point
clouds for each investigated CFS member can be found in Guldur Erkal and Cagrici [25].

3. AUTOMATED GEOMETRIC IMPERFECTION DETECTION AND
QUANTIFICATION METHOD

The geometric imperfection extraction in this work is performed using the method laid out
in Guldur Erkal and Cagrici [25]. This method focuses on conducting an automated cross-
section-based geometric imperfection detection and quantification. As a result, representative
keypoints at successive cross-sections along the longitudinal axis of the CFS members are
extracted and used for geometric imperfection quantification. The geometric imperfections
are computed based on common representations given in Figure 1. The automated cross-
section-based geometric imperfection detection and quantification results for the investigated
CFS members are presented in Guldur Erkal and Cagrici [25].

4. MODE SHAPE-BASED GEOMETRIC IMPERFECTION COEFFICIENT
EXTRACTION

The effects of the extracted geometric imperfections on member behavior could be examined
by introducing these imperfections into numerical models. Even though there are several
ways to perform this (such as mesh alteration or constant imperfection coefficient usage),
they either increase the computational cost or underestimate the member strength. Thus, this
paper introduces a novel mode shape-based geometric imperfection coefficient computation.
This method represents each member's existing geometric imperfections in buckling mode
shapes.

In this section, the details of the performed eigen-buckling analysis are given. The
appropriate least-squares method specializing in overdetermined equations, which is used to
reconstruct the geometric imperfections based on the mode shapes obtained by the performed
eigen-buckling analysis, is then laid out.

The mode shapes that form the geometric imperfections can be determined by eigen-buckling
analysis. The geometric imperfection representations are obtained by combining the relevant
local, distortional, or overall buckling modes of the cross-section or member. They are later
used to invoke geometric nonlinearity during further numerical analysis [26]. Thus, the
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Figure 1 - Local geometric imperfection formulations: (a) keypoint deviations, (b) cross-
section shift orthogonal to the flanges, (c) cross-section shift orthogonal to the web, (d)
convex crown, (e) flare, (f) twist only, (g) twist with concave crown, and (h) twist with
convex crown and concave flange; and global imperfection representations. (i) bow, (j)
camber, and (k) twist (revisited from Guldur Erkal and Cagrici [25]).

standard application for taking the imperfection effects into account during numerical
analysis is to perform an eigen-buckling analysis and to introduce the imperfections to the
numerical model by multiplying the buckling mode shape outputs with specific coefficients.
Generally, the first mode is multiplied by 0.1t, t is the thickness of the CFS member, and the
consecutive mode shapes are multiplied with decreasing coefficients, i.e., 0.1t for mode shape
1, 0.05t for mode shape 2, and the rest of the coefficients decrease with the same trend. Koiter
[27] states imperfection sensitivity may be most efficiently expressed as a function of
imperfection magnitudes in the buckling mode shapes. Thus, the maximum imperfections
provide a reasonable lower bound strength analysis criterion.
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4.1. Eigen-Buckling Analysis

In this study, ABAQUS/CAE [17] is used for both eigen-buckling and GMNIA to simulate
the behavior of the C-sectioned CFS columns under axial loading. For eigen-buckling
analysis, subspace iteration is chosen as the eigenvalue extraction method. The roundness of
corners is not considered in the ABAQUS models. Consequently, residual stresses and cold-
work effects are neglected [13, 28-30].

4.1.1. Element Type and Mesh

All C-sectioned CFS columns are modeled by selecting the S4R thin shell element. A
convergence study was carried out to determine the suitable mesh size, considering both axial
load capacity predictions and computational time. Based on the results of the convergence
study, the appropriate mesh size for the elements was determined as 2.5 mm x 2.5 mm (Figure
2).

mmmm Numerical Capacity —mmmm Test Capacity
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Figure 2 - Comparison of the test capacity with numerical capacities and computational
times.

4.1.2. Material Properties

The material properties of the specimens are determined by tensile coupon tests according to
the ASTM E8/E8M Standard ASTM-E8/E8M [31]. Three tensile coupons were sampled
from the specimens. The obtained engineering stress-strain curves of the tensile coupon tests
are given in Figure 3.
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Figure 3 - Engineering stress-strain curves of the test coupons C1, C2, and C3.
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The engineering stress (Geng)-engineering strain (&.ng) data obtained from tensile coupon tests
need to be converted into true stress (Owue)-true strain (ewe) data before being inserted into
the numerical models. Equations [1] and [2] are used for the initial conversion. Finally, the
obtained true strain is converted into plastic strain (& o)) data with Equation [3] to model
material nonlinearity with von Mises yield criterion and isotropic hardening.

Otrue = Geng(l + 8eng) (1)
Etrue = ln(l + Eeng) (2)
€true (pl) = ln(l + seng) - % 3)

4.1.3. Material Modelling

Material nonlinearity of the specimens is modeled with von Mises yield criteria and isotropic
hardening. Yield strength of 333 MPa, an ultimate strength of 496 MPa, and a Young’s
Modulus of 186 MPa, obtained from tensile coupon tests, are used.

4.1.4. Boundary Conditions

All columns are modeled using fixed support conditions. Reference nodes at the centroid of
cross-sections are defined at each end. All the nodes at one end of the column located on the
surface are tied to the reference node using the ‘rigid-body’ ‘fixed’ constraint. All degrees of
freedom are restricted at one reference node (bottom end). In contrast, all degrees of freedom
are restricted at the opposite end except in the longitudinal direction, where the loading is
applied.

4.1.5. Mode Shapes

The first 20 mode shapes of each investigated CFS member are extracted for performing
mode shape-based imperfection coefficient extraction. Sample mode shape results for C-90-
1100-NH-1 obtained after eigen-buckling analysis is given in Figure 4.

ODB: Job-1.odb  Abaqus/Standard 6.13-1 Mon Oct 28 11:07:53 GMT+02:00 2019

Walue = 43102,
itude

Figure 4 - C-sectioned column, C-90-1100-NH-1 - Mode shape 12
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4.2. Overdetermined Equations

The magnitudes of geometric imperfections are already determined using the previously
described automated geometric imperfection detection and quantification method. To
perform the imperfection quantification, keypoints located at each cross-section cut along the
length of each member are extracted (Figure 5a). The finite element mesh is specifically
tailored to match the extracted keypoint locations. The same positive and negative directions
used for automated geometric imperfection detection and quantification method are used to
record mode shape displacements. If the movement is outside the reference cross-section, the
displacements are recorded as positive. The displacements are recorded as negative values if
the movement is inward. Figure 5b shows both positive displacement directions for different
subgroups of 12 keypoints with respect to the reference cross-section of a point cloud sample.
Figure 5c shows the matching keypoints (with the point cloud cross-sections) on the
ABAQUS model of C-90-1100-NH-1.
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Figure 5 - (a) Accurate and simplified cross-section representation with keypoints, (b)
positive displacement directions for different subgroups of 12 keypoints with respect to the
reference cross-section (with keypoint labels), and (b) keypoints on the ABAQUS model of

C-90-1100-NH-1.

Once the displacements corresponding to each keypoint for all 20 mode shapes are recorded,
the entire set of equations is solved to get the best overall coefficient that takes 12 keypoints
at each cross-section cut into account to capture the geometric imperfection on CFS members.
Sample geometric imperfection representation for a single keypoint is given in Figure 6(a).
It should be noted that the extracted geometric imperfections at each keypoint are later shifted
towards the horizontal axis to get a mean value of zero. This step is essential since the mean
values of all the displacement recorded for local mode shapes are zero. Thus, if the mode
shapes will be used for coefficient determination, the geometric imperfection should be
suitable for decomposed representation. Figure 6(a) shows a sample displacement variation
of the 12 keypoint along the length of C-90-1100-NH-1. Displacement variations of the 12
keypoint along the length of C-90-1100-NH-1 for the first 20 mode shapes are shown in
Figure 6(b).
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Figure 6 - Displacement variations of the 12th keypoint along the length of C-90-1100-NH-
1 obtained (a) from the member’s point cloud and (a) from the analysis model for the first
20 mode shapes.

Consider a system of linear equations (Equation [4]):
y = Hx @)

If the total number of equations is greater than the unknowns (H is a tall matrix), then the
system is specified as overdetermined. An overdetermined system almost never has a
solution. For this research, the sizes of the H are 4332x20, 4812x20, 5292x20, and 5772x20.
There are 361, 401, 441, and 481 strips for 900 mm, 1000 mm, 1100 mm, and 1200 mm long
CFS members, respectively. At each cross-section, there are 12 keypoints; thus, the row size
is equal to the cross-section cut number (361, 401, 441, 481) times 12. The rows represent
back-to-back cross-section cuts for each keypoint, whereas the columns correspond to the
displacements extracted for the first 20 mode shapes corresponding to each keypoint. The
common least squares solution that can be adapted for this type of problem is given in
Equation [5]):

ield.
minlly — Hx||3 2= x = (HTH)"'HTy )
b

For this study, global imperfections are favored, meaning that the weights of the keypoints
primarily associated with global imperfections (keypoints located on the web) are increased.
For these cases, it is required to minimize the weighted square error, i.e., Y., w,1;2 wWhere
is the residual, or error, r = y — Hx, and w,, are positive weights. This corresponds to
2
minimizing ||W1/ 2(y — Hx) || where W is the diagonal matrix, [W],, = w,. Using
2
Equation [5] leads to Equation [6]:
2 yields

min w2y - Hx)”2 T x = (HTWH)'HTwy (6)
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Figure 7 presents sample MSB coefficient extraction results for the imperfection distribution
shown in Figure 6(a). The mode shapes shown in Figure 6(b) are used for this extraction.

Displacement {mm
=
~

Criginal imperfection
Fi - Method used in practice
: *  Coefficients calculated just for this point
o ‘Weight of middle points(Point 56,7 8): 1
J + Weight of middle points : 2

‘Weight of middle points : 4

Mode-Shape signals are weighted

0 50 100 150 200 250 300 350 400 450
Cross-section #

Figure 7 - Sample result for MSB coefficient extraction for C-90-1100-NH-1: Original
imperfection, 0.1t multiplication, result with coefficients calculated just for the investigated
point, and different weighted coefficient results are displayed.

4.3. Finite Element Analysis

GMNIA is then performed to investigate the effects of MSB geometric imperfection
coefficients on member behavior. The determined MSB coefficients are introduced to the
model by multiplying these coefficients with corresponding mode shapes obtained from the
eigen-buckling analysis, comparable to the approach adopted for the traditional method of
geometric imperfection modeling. For this study, the arc-length method (Riks) is chosen for
GMNIA. After an eigenvalue buckling analysis, GMNIA is often performed to provide
complete information about a structure’s collapse [32]. Figure 8 shows the final deformed
shape of C-90-1100-NH-1 as a result of GMNIA.

0DB: Job-2.0db  Abaqus/Standard 6.13-1 Mon Oct 28 12:16:33 GMT+02:00 2019

Step: Step-1
Incrsment  67:
X Primary Var: S, Mi

Arclength = 73.56
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[ — 0006+

Figure 8 - Final deformed shape result of the GMNIA performed on C-90-1100-NH-1.
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5. AXTAL LOADING TESTS OF CFS MEMBERS

Axial loading tests are then performed on the 3D-scanned C-sectioned CFS members. In this
section, the utilized test setup and the testing procedure are presented.

5.1. Test Setup

A test setup is specifically designed and built for axial loading of cold-formed steel members.
This test device comprises bottom and top steel frames connected by four steel bars, each 50
mm in diameter. The upper frame is formed by connecting two 1950 mm long IPE330
profiles using IPE330 profiles at three locations, at two ends and in the middle. The lower
frame is constructed by connecting two 3000 mm long IPE330 profiles at 5 locations. The
connections are performed at the ends, in the middle, and close to the locations where the 50
mm diameter bars pass. As the upper frame is mobile, CFS columns with varying lengths
were tested (900 — 1200 mm). Further detail on the test setup and related schematics could
be found in Guldur Erkal and Cagrici [25].

5.2. Testing Procedure

The described testing frame is capable of applying uniaxial loads up to 30 tons. A hydraulic
cylinder (Enerpac RR7513) is attached to the upper frame for axial column tests. Beneath the
hydraulic cylinder, a load cell (Esit HSC-V) with a 60-ton capacity is mounted.

The column test setup is equipped with a series of Kyowa DTH 10 mm, 30 mm, and 50 mm
linear variable displacement transducers (LVDT) to record the displacements of the specimen
throughout the experiments. However, only the average results obtained from three LVDTs
(one 10 mm and two 30 mm) attached to the top plate are utilized. During the tests, both the
eccentricity between the centerline of the specimens and the load axis, as well as the lateral
stability, were actively monitored and effectively addressed.

All 16 CFS members are individually tested. As a sample, the pre- and post-test images of
C-90-1000-NH-2 are presented in Figure 9a-b. There are three LVDTs attached to the top
plate (loading plate). The top plate LVDT results vs. load cell readings are plotted for C-90-
1000-NH-2 in Figure 9c.
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Figure 9 - Images taken before (a) and (b) after the axial loading test for C-90-1000-NH-2
and the top plate LVDT recordings vs. load plot.
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6. RESULTS AND DISCUSSIONS

This section focuses on the results and discussions related to the previous sections. First, to
verify the suitability of the collected point clouds for automated geometric imperfection
detection and quantification, the point cloud resolutions are displayed. Hand measurements
are used to validate the accuracy of the gathered point clouds’ dimensions.

The mode shape-based imperfection coefficients of one CFS member are then given. The
changes in the imperfection representations caused by different geometric imperfection
coefficients are discussed. Finally, the effects of the determined coefficients on CFS member
behavior are discussed.

In this study, a desktop suite with an Intel(R) Xeon CPU E5-1650 v3 @ 3.50GHz processor,
48GB RAM, 64-bit operating system, and NVIDIA Quadro K22 graphics card is used to
generate the algorithms, run the developed algorithms, and conduct finite element analysis.
Finite element analyses are completed by using ABAQUS. All the algorithm development
and testing are carried out in MatLab [33] release 2019a. The processing times display
variability depending on the length of the member. The average processing time for an
individual CFS member, including pre-processing and geometric imperfection extraction, is
300 seconds. Mode-shape-based coefficient extraction is completed in 15 seconds for all 16
C-sectioned CFS members. Last, finite element analysis, including eigen-buckling and
GMNIA, takes 15 minutes for each CFS member.

6.1. Point Cloud Resolution

Previous studies have revealed that point cloud precision depends on factors such as point
cloud density, registration precision, and angle of incidence [34-37]. A detailed resolution
study is performed on all investigated CFS members' point clouds by examining the density
of each point cloud. The results showed that the gathered point clouds' resolutions change
between 0.018 and 0.033 mm. The average resolution for all members is 0.025 mm. Thus,
the collected point clouds are expected to detect geometric imperfections larger than the
average resolution value.

In Guldur Erkal and Cagrici [25], the minimum values for local, distortional, and global
imperfections collected from previous studies and the related standards computed for 900 —
1200 mm are presented. The obtained resolution values are then compared with the reported
minimum values of geometric imperfections in the literature. This comparison demonstrates
that the point cloud resolutions are sufficient for geometric imperfection detection and
quantification. The captured resolutions are much smaller than the published minimum
imperfection values.

6.2. Point Cloud Validation

The measured dimensions of the investigated CFS members are then compared with the
dimensions detected by performing point cloud processing. In Guldur Erkal and Cagrici [25],
both micrometer-measured and automatically detected dimensions of the CFS members are
reported. The comparison between the measured and detected dimensions is also performed
to compute the errors.
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For both web and flanges of all 16 CFS members, the computed error values are under 2%.
The mean error is 1.15% and 1.63% for the web and flanges, respectively, whereas the
standard deviations are 0.49% and 0.38% for the web and flanges. The conducted validation
investigation confirmed that the gathered point clouds accurately depict the as-is geometry
of the actual condition of the investigated CFS members.

6.3. Mode Shape-based Geometric Imperfection Coefficient Extraction Results

In Section 4, the details of the developed mode shape-based geometric imperfection
coefficient extraction are presented. Table 1 shows the mode shape-based geometric
imperfection coefficients for C-90-900-H-2 given as an example for the first 20 modes. The
second column of the table shows the coefficients for which all the keypoints have the same
importance and weight in overdetermined equations. The third column shows the coefficients
computed where the keypoints on the web, five, six, seven, and eight, receive a weight of
two (Figure 5). A weight of four is used for the web keypoints to calculate the coefficients in
the fourth column. The coefficients in the fifth column are computed as follows: the
coefficients in the first column (no weight case) are multiplied with decreasing values such
as 1.0, 0.5, 0.25, and this goes on until the 20th mode.

Table 1 - Mode shape-based geometric imperfection coefficients for C-90-900-H-2 are
given for the first 20 modes.

Mode Shape # | No Weight | Middle Points Weight =2 | Middle Points Weight =4 | Weighted
1 -0.308 -0.299 -0.292 -0.308
2 -0.049 -0.052 -0.052 -0.025
3 0.122 0.152 0.176 0.031
4 0.030 0.024 0.017 0.004
5 0.051 0.045 0.040 0.003
6 -0.049 -0.044 -0.039 -0.002
7 -0.046 -0.039 -0.032 -0.001
8 0.168 0.186 0.201 0.001
9 -0.077 -0.075 -0.071 0.000
10 0.041 0.010 -0.016 0.000
11 0.027 0.045 0.058 0.000
12 0.026 0.029 0.030 0.000
13 0.068 0.063 0.055 0.000
14 -0.060 -0.047 -0.042 0.000
15 -0.080 -0.068 -0.059 0.000
16 -0.085 -0.129 -0.164 0.000
17 0.479 0.490 0.505 0.000
18 -0.016 -0.015 -0.014 0.000
19 0.346 0.390 0.425 0.000
20 0.059 0.045 0.031 0.000
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The reconstructed geometric imperfections for 12 keypoints of C-90-900-H-2 with varying
MSB coefficients are given in Figure 10. The original imperfections are obtained from the
point clouds by performing automated geometric imperfection extraction, plotted with blue
dots in each figure. The imperfections reconstructed using the 0.1t multiplication method are
labeled ‘Method used in practice.” Red dots give the coefficients specifically computed for
the investigated keypoint (Case 1). Thus, they represent the closest result to the original
imperfection distribution for a selected keypoint. The rest of the plots are reconstructed using
the coefficients that account for the entire set of 12 keypoints. These plots represent the cases:
no weight (or the weight for each keypoint is one) (Case 2), the weights of middle keypoints
(5-8, located on the web) equal to 2 (Case 3), the weights of middle keypoints (5-8, situated
on the web) equal to 4 (Case 4), and finally, the coefficients for the mode shapes are
multiplied with decreasing values (Case 5) as mentioned before. The keypoint labels are
shown in Figure 5.

As seen in Figure 10, the reconstructed imperfection plots obtained by using the method in
practice fail to represent the original imperfection in all keypoints. This trend can be observed
for the other investigated CFS members as well. Therefore, the GMNIA results obtained
using the traditional method generally cannot be considered to represent the actual results for
the as-is geometric imperfections on a CFS member. The method in practice is presented
with bright green dots in Figure 10.

It should be noted that the reconstruction works better for the point located on the flanges (1-
2 and 11-12). However, as the keypoints get closer to the web, the reconstructions fail even
for the investigated keypoint (Case 1), i.e., Figure 10e-h. Regardless of the keypoint location,
the worst results are obtained either by the method in practice or in Case 5. These two
approaches almost always fail to represent the original imperfection distribution. Cases 2, 3,
and 4 generally result in similar reconstructions. It could be concluded that changing the
weights of web keypoints does not significantly affect the final reconstructed representation,
especially in the absence of mode shapes representing global buckling modes. It should be
noted that the accuracy of the generated mode shape-based imperfection coefficient
extraction method improves with an increasing number of varying mode shape
representations. Therefore, other mode shapes could be included in the analysis to enhance
generated signal quality and coefficient extraction, or the effect of global buckling modes
should be forced into the coefficient extraction process.

Table 2 lists the squared error values for the method in practice and Cases 1-5, along with
the total signal energy computed for each CFS member. The total signal energy is computed
by summing the squares of the geometric imperfection distributions extracted from the point
clouds. It can be seen from the table that the closest result to the original imperfection is
always obtained with Case 1, as the computed squared error values are always the lowest.
However, Case 1 only represents one location on the cross-section. It does not represent the
entire set of 12 keypoints. Thus, Case 1 is not considered in GMNIA. The second-best results
are obtained for Case 2, for which the entire collection of keypoints is considered. Case 2-4
give worse results than Case 1, and Case 5 is very similar to the method in practice. Thus, in
the GMNIA, only the method in practice and Case 2 are investigated and compared.
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Table 2 - Squared error values for method in practice and Cases 1-5.

Total
Total Squared Total Total Total Total

Squared Squared Squared
Error Squared Squared
Total Error for Error Error for | Error for Error for

Specimen Signal for Si Middle Middle .
ingle for No . . Weighted
Energy | Method Poi . Points Points R
A oint Weight Weishi=2 | Weisht=4 Coefficients
Practice Coef. (Case2) (Cagse 3) (Ca(b;e 4) (Case 5)
(Case 1)

C-90-900-NH-1 636.40 644.74 549.27 595.83 596.07 596.45 627.15
C-90-900-NH-2 610.23 616.40 527.67 570.05 570.12 570.25 603.84
C-90-900-H-1 774.80 785.24 494.73 680.38 687.58 705.88 754.10
C-90-900-H-2 665.76 676.64 393.32 496.93 498.32 501.64 644.03
C-90-1000-NH-1 | 1148.17 | 1155.66 971.42 1081.25 1081.30 1081.36 1130.26
C-90-1000-NH-2 | 1886.18 | 1894.71 1671.82 1792.13 1792.32 1792.59 1860.56
C-90-1000-H-1 1133.45 | 1140.10 844.53 1079.20 1080.57 1083.65 1114.76
C-90-1000-H-2 1716.80 | 1725.09 1210.94 1638.93 1641.11 1646.18 1690.58

C-90-1100-NH-1 | 715.35 724.14 643.15 693.95 694.14 694.39 710.71
C-90-1100-NH-2 | 655.77 662.91 589.16 640.48 640.58 640.71 653.18
C-90-1100-H-1 627.18 632.22 412.38 581.04 583.60 589.44 622.80
C-90-1100-H-2 57291 576.18 343.78 526.87 531.75 543.07 571.19
C-90-1200-H-1 487.71 492.32 342.25 465.37 467.68 472.75 484.75
C-90-1200-H-2 654.28 659.10 464.95 628.18 630.58 635.84 650.91
C-90-1200-NH-1 | 828.01 834.85 746.27 819.70 819.81 819.97 825.92
C-90-1200-NH-2 | 824.58 832.63 755.89 812.54 812.63 812.75 821.26
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Figure 10 - Reconstructed geometric imperfections for 12 keypoints of C-90-900-H-2 with

6.3.1. Results of GMNIA with Varying MSB Coefficients

varying MSB coefficients.

This section displays the GMNIA results for all the investigated CFS members. Analyses are
terminated when the displacement capacities obtained during the experiment are obtained.
The top displacement vs. load curves obtained from nonlinear analysis for mode shape-based
geometric imperfection coefficients, 0.1t coefficient, and collected test data are given in
Figure 11 for all investigated CFS members. The test data for comparing the numerical results
are obtained by averaging the data from the three LVDTs attached to the top plate.
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Figure 11 - Top displacement vs. load curves obtained for all investigated CFS members
Jfor various cases.

The GMNIA results showed that the method in practice generally underestimates the capacity
of the investigated CFS members. The GMNIAs performed with the imperfection
distributions obtained by reconstruction mode shapes provide closer results to CFS members'
actual behavior. However, the results obtained with the MSB coefficients also underestimate
the member capacity, and at the same time, this method sometimes underestimates the
displacement capacities.

Table 3 presents the initial slope and energy results obtained from GMNIAs for 0.1t and MSB
coefficients and experiment results. The errors are computed by comparing the MSB
coefficient results with the experiment results. The errors calculated for the initial slopes are
mostly less than 10%, which indicates that the GMNIA results are in good accordance with
the experiments. However, the average error for the energy, which represents the area under
the top displacement vs. load curves, is approximately 18%. The lowest computed value is
1.45%, and the highest value of nearly 57%. Even though the total displacement capacity
obtained from the GMNIAs matches the experiment results, in most of the GMNIAs, there
is a significant capacity loss after the ultimate load capacity is reached. Therefore, the energy
values computed for the GMNIA results for the same total displacement capacity as
experiments are always lower than the values obtained for experiment results.

AISI-S100 is later used to calculate yielding, flexural buckling, torsional buckling, flexural
torsional buckling, local buckling, and distortional buckling capacities. The test results are
then compared with the GMNIA results, and the design capacities are computed with AISI-
S100. The ultimate load capacities computed for local buckling are critical for all CFS
members. Table 4 reports the ultimate load capacity of the investigated members recorded in
experiments, computed with AISI-S100 (local buckling), obtained from GMNIA with 0.1t
coefficient and GMNIA with MSB coefficients. The experiment results are higher than the
axial load capacities computed via AISI-S100. It is observed that the results obtained from
GMNIA with a 0.1t coefficient are on the safe side. The GMNIA results with a 0.1t
coefficient give lower ultimate load capacities than the experiment results but closer to the
axial load capacities computed via AISI-S100. Finally, the GMNIA results with MSB
coefficients are higher than the axial load capacities calculated via AISI-S100 but more
comparable to the experiment results.
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7. CONCLUSIONS

In this work, a numerical and experimental study was conducted to examine the impact of
geometric imperfections on the behavior of cold-formed steel (CFS) members. Point clouds
representing the real geometry of 16 CFS members were collected using a 3D optical scanner.
The results showed that these point clouds effectively represented the geometric
imperfections in the members. These imperfections varied significantly across different
members, indicating that a constant value for local imperfections would not accurately
represent individual member conditions.

Geometric imperfections were integrated into finite element models using MSB coefficients
to perform GMNIA. Mode shapes obtained from eigen-buckling analysis were used to
reconstruct imperfection distributions in the finite element model. However, it was found that
reconstructing the actual deformed shape of a CFS member using mode shapes was not
possible. If only a single keypoint on each cross-section was considered, reconstructed
imperfection distributions could be used.

To validate the GMNIA results, axial loading tests were conducted on the investigated CFS
members. The buckling load, axial and lateral displacements, and material properties were
monitored and recorded during the tests. The experimental results were used to validate the
numerical models.

The GMNIA results using varying geometric imperfection coefficients showed that the
method in practice was over-conservative. Models generated with MSB coefficients provided
slightly better representation of member behavior but were still conservative. The study
concluded that improving the representation of geometric imperfections or boundary
conditions could enhance the accuracy of finite element model results.

It should be noted that while the method in practice is conservative and easy to implement, it
is important to evaluate alternative approaches for optimal design and utilization of CFS
frames, especially in seismic regions. Addressing overdesign and accurately simulating
geometric imperfections is crucial. The development of an easy-to-use methodology for
extracting imperfections and advancements in high-resolution 3D scanning offer
opportunities to enhance the proposed method for more accurate results in the future. This
will improve overall performance assessment and maximize the benefits of CFS structures in
construction.

In future studies, it is recommended to focus on keypoint coefficients for individual keypoints
as they provide the best representation of imperfection distribution. Additionally, exploring
the integration of global modes into the coefficient extraction process could be valuable.
However, assigning suitable weights to global modes poses a challenge as they are forcibly
extracted. Further research is needed to address these aspects and enhance the analysis
accuracy.
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Sonmiis Kire¢-Diatomit-SBS Katkilariyla Geri
Doniistiiriilmiis Asfalt Kaplamalarin Performans
Analizi
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Atakan AKSOY?
Mehmet Emre TEKIN?
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Geri doniistiiriilmiis asfalt kaplamalar (RAP); ekonomik ve c¢evresel iistiinliiklere sahiptir.
Sera gazi emisyonlarmi ve bitiim gereksinimini azaltmasi, tamamen doniisebilir olmasi, atik
depolamay1 azaltmasi, hammadde kaynaklarmi korumasi, kullanim ¢esitliligi yonleriyle
avantajlidir.  Stirdiiriilebilirlik  yaklagimlariyla, artan oranda asinma tabakalarinda
kullanilmaktadir. Bu hedeflerle, Tiirkiye igin, saha ¢aligmalarina yonelik %50 RAP ile
asinma tabakasi dizaynlar tiretilmistir. Katki olarak; SBS ile yaygin kullanim oranlariin ¢ok
daha diisiik degerlerinde uyumlastirict sonmiis kire¢ (HL) ve diatomit (D) kullanilmistir.
Calismada, HL ve D ile RAP karisimlarin su hasari ve tekerlek izi bakimindan garantili
iyilestirilmesi hedeflenmistir. Diatomit kullanimi; gerek Tiirkiye gerekse diinya i¢in yenilikgi
bir konudur. Sabit HL-SBS igeriginde, D%5-10 oranlar1 ayr1 ayr1 kullanildi. AASHTO T283
Modifiye Lottman ve Hamburg tekerlek izi testleri uygulandi. %50RAP eklenmis karigimlar,
secilen katkilar ile orijinal karisgimlardan daha direngli hale gelmistir. Modifiye Lottman
testinin D, HL, SBS ve RAP’l1 karisimlar i¢in ayirt edici oldugu ve performans artigini
yansittig1 goriilmektedir. Sabit ve az HL oraninda, D oraninin %5°den %10 degerine
artirtlmasi ile su hasar1 direncinin artmasi, HL ve D’nin birlikte performans artist
olusturabildigini gosterdi. HL+SBS uyumu; daha yiiksek su hasari direnci olusturmaktadir.
SBS, gerek HL gerekse de D ile uyumlu ¢alismaktadir. Diisiik HL- D oranlarinda ve yaygin
oranda %5SBS kullanimi; %50RAP karisimlarda su hasari direnci bakimindan ¢ok yiiksek
iyilesme saglamaktadir. Tim %50RAP modifiye karisimlarin kontrol karigimlardan daha
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yiiksek tekerlek izi direnci vermesi bu karisimlarin uygulamada basariyla kullanilabilecegini
gostermektedir.

Anahtar Kelimeler: Asfalt kaplamalar, geri doniistiiriilmiis asfalt kaplama, diatomit,
sonmiis kire¢, SBS polimer, su hasari, tekerlek izi, Hamburg tekerlek izi deneyi.

ABSTRACT

Performance Analysis of Recycled Asphalt Pavements with Hydrated Lime-
Diatomite-SBS Additives

Reclaimed asphalt pavements (RAP); has economic and environmental advantages. It is
advantageous in terms of reducing greenhouse gas emissions and bitumen requirement, being
completely recyclable, reducing waste storage, protecting raw material resources, and
diversity of use. With sustainability approaches, it is increasingly used in wear layers. With
these objectives, wearing layer designs with 50% RAP for field studies were produced for
Turkey. As an additive materials; compatibilizer hydrated lime (HL) and diatomite (D) were
used at much lower values than the common usage rates with SBS. It was aimed to obtain
guaranteed improvement of RAP mixtures with HL and D in terms of water damage and
rutting. Using of diatomite is one of the innovative issues for both Turkey and the world. 5-
10% ratios of D were used separately for the constant HL-SBS content. AASHTO T283
Modified Lottman and Hamburg rutting tests were performed. Mixtures with 5S0%RAP added
became more resistant than the original mixtures with the selected additives. It is seen that
the modified Lottman test is distinctive for mixtures with D, HL, SBS and RAP and reflects
the performances successfully. Increased water damage resistance at a constant low HL ratio
with the increasing the D ratio from 5% to 10% indicate that HL and D together can produce
performance improvement. HL+SBS compliance provides higher water damage resistance.
SBS works in harmony with both HL and D. Low HL-D rates and widespread use of 5%SBS
provides very high improvement in water damage resistance in mixtures with 50%RAP. The
fact that all 50%RAP modified mixtures gave higher rutting resistance than control mixtures
shows that these mixtures can be used successfully in practice.

Keywords: Asphalt pavements, recycled asphalt pavement, diatomite, hydrated lime, SBS
polymer, water damage, rutting, Hamburg test.

GIRIS

Endiistri, RAP kalitesini iyilestirmek ve asfalt karisgimlarda daha yiiksek oranda kullanmak
icin siirekli farkli yollar aramaktadir. Amerika’da, su anda, eski asfalt kaplamalardan kazinan
RAP’1n yeni kaplamalarda kullanim oran1 %99’dur. Ureticilerin; ortalama RAP yiizdeleri
olarak %20 veya daha fazla kullanim bildirdigi eyaletlerin sayis1 énemli 6l¢iide artmistir.
2009'da on eyaletten 2017'de 24 eyalete yiikselmistir ancak ortalama RAP yiizdesi hala %20-
35 civarmdadir [1]. RAP karisiminin %95'inden fazlasinin yeni kaplamalarda ve kalan %5'in
temel tabakalar1 gibi diger alanlarda kullanilmasiyla, asfalt karisimi iireticileri, iilkenin en
gayretli geri donistiiriiciileri olmaktadir. Asfalt karisimlarinda kullanilan toplam tahmini
RAP miktar1 2021'de 94,6 milyon tondu. Bu, 2009'da kullanilan tahmini RAP tonajindan
%68,9'luk bir artis1 temsil etmektedir. 2009'dan bu yana toplam asfalt karisimi tonaj1 yalnizca
%20,6 artti. RAP kullandigini bildiren ireticilerin ytizdesi, 2020'ye gore %1,1 artisla yanit
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verenlerin %100 oldu. Iki iiretici, 2021'de RAP’1n kiigiik bir miktarin1 (36.000 ton veya
%0,07) diizenli depolamaya tabi tuttuklarini bildirdi [2]. Son arastirmalar, mekanik
ozelliklerde tatmin edici sonuglar elde ederek, yeni karigim tasarimlarina %50'nin tizerindeki
oranlarda RAP ikamesinin yeni karigimlar tiretmek i¢in uygun oldugunu géstermektedir [3-
4]. %100 RAP’mn, malzeme dongiisiinii kapatarak gercek siirdiiriilebilirligi saglayacagi ve
geleneksel asfaltla aymi yiiksek degerli uygulamada kullanilmasina imkan olacagi
savunulmaktadir [S]. Yeniden kullanilan RAP yiizdesi, diinyanin birgok iilkesinde kademeli
artmaktadir. Agirlikca %15—%20 araliginda bir RAP bitiimlii karigimlarin diretimi igin
standart uygulama haline gelmektedir. Yiiksek (agirlik¢a %40'in iizerinde) veya ¢ok yiiksek
(agirlikga %100'e kadar) RAP'I1 bitiimli karisimlar {iretmenin fizibilitesi incelenmektedir.
RAP kullaniming; agirlik¢a %15-30'luk ortalama RAP igeriginin Otesine gegecek sekilde
sinirlayan olumsuz algilar ve pratik sorunlar vardir. Bunlar; HMA (sicak karigim asfalt)
karisimlarinda RAP agregalarinin kalitesi, tiretim plent tesisinin teknolojisi, karigim tasarim
metodolojisi ve RAP iceren nihai karisimin performansi olarak 6zetlenebilir [6]. ABD ve
Avrupa'daki ortak uygulamalar, esas olarak yeni HMA /WMA (ilik karisim asfalt)
karigimlarina eklenen RAP miktar1 ve baglanmamis katmanlar i¢in agrega olarak kullanilan
miktar acisindan farklilik goésterir. Bu nedenle, Tablo 1'de listelenen yiizdeler, Avrupa
Devletlerinin geri doniistiiriilmiis agrega potansiyelinden daha ¢ok yararlanabilecegini
vurgulamaktadir [7-8].

Tablo 1 - ABD ve Avrupa’da RAP kullaniminin karsilagtiriimast [7-8]

Degerlendirilen Miktarlar Amerika Avrupa
Toplam HMA ve WMA iiretimi 389.300.000 Ton | 297.900.000 Ton
Plent tesislerinde kabul edilen 101.100.000 Ton 49.500.000 Ton
toplam RAP
Sicak Karisim Asfalt/Ilik asfalt %381,3 %51,4
karisimlarinda kullanilan RAP
Soguk Asfalt karigimlarinda %0,297 %3,81
kullanilan RAP
Baglanmamis tabakalar i¢in agrega %6,33 %17
olarak kullanilan RAP
Baska amaglar i¢in kullanilan RAP %1,98 %2
RAP dolgu %0 %9.63

2011 yilinda FHWA (The Federal Highway Administration), karisimin toplam agirligina
gore %25'ten fazla RAP igeren asfalt betonlarimi yiiksek igerikli RAP olarak tanimlamistir
[9]. Siirdiiriilebilirlik analizi; %30, %40 ve %50 RAP iceren karigimlari hazirlamak igin
tilketilen enerjinin sirasiyla %26, 33 ve %40 azaldigimi ortaya koymaktadir [10]. HMA
karigimlarina %30 ve %40 RAP eklenmesinin insaat, bakim, rehabilitasyon ve malzeme
ikamesi degerleri dikkate alindiginda sirasiyla %19 ve %40 maliyet tasarrufu sagladigini dile
getirilmektedir [11]. %25 RAP dahil edilmesi sirasiyla enerji tiiketiminde, esdeger CO»
emisyonunda ve maliyette %33, 35 ve %8,5 azalmaya neden olmaktadir [12]. Yiikksek RAP
orani, RAP’1n yaglanmig baglayicisi nedeniyle nihai karigimlarin yorulma ve termal ¢atlama
direncini 6nemli 6l¢iide azaltmaktadir [13-14].
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HMA plentlerinin kurutucusunda aleve maruz kalan RAP agregalarinin dogrudan 1sitilmasi
sonucunda RAP baglayicinin daha fazla yaglanmasi ve sertlesmesi nedeniyle, yiiksek RAP
iceren karigimlarin mekanik ozellikleri etkilenmektedir [15-17]. RAP igerigi esas olarak
iiretim kalitesi ve dolayisiyla asfalt plentindeki karisimlarin performansi gibi pratik konularla
sinirlidir. RAP malzemeleri yiiksek sicakliklarda yaslanir ve yiiksek oranda kullanilmasi
potansiyel olarak yollarin erken ¢atlamasina neden olabilir. Diger bir neden ise, 6giitme
islemi nedeniyle agregalarin ezilmesi sonucu ¢ok miktarda ince partikiil olusmasidir. Bu daha
ince parcaciklar, yliksek RAP igeriginde karigim tasarimi igin derecelendirme
gereksinimlerini smirladigr i¢in RAP kullanimmin maksimum igerigini smnurlar. Tesisler
RAP’1n daha yiiksek oranina izin vermemektedir, ¢ilinkii batch plentlerde tipik RAP katma
aralig1 %10-20'dir ve drum plentler %50'ye kadar uyum saglayabilir [18].

Artan yaslanma baglayicinin gerilme gevseme kapasitesini azaltmakta, bu da karisimin
catlama direncini azaltmaktadir [19]. RAP, islenmemis malzeme tiiketimini; iligkili maliyet
ve enerjiyi azaltir. Ayrica, RAP dokiimii icin gerekli olan degerli depolama alanlarindan
tasarruf edilebilmektedir. RAP malzemesinin orijinal 6zelliklerini eski haline getirmek i¢in
baz1 genclestiriciler katilmalidir. Genglestirici ile olusan asil mekanizma c¢ok iyi
bilinmemektedir. RAP karigimlarinin performansinin 6ngoriillemez olmasini saglayabilir ve
dolayisiyla RAP igeriginin arttirilmasinda bir kisitlama olusturur. RAP malzeme kalitesi igin
herhangi bir uygun karakterizasyon yonteminin olmamasi ve saf ve RAP baglayicinin
harmanlanmas1 hakkinda ¢ok az bilgi sahibi olunmasi da; RAP karisimm performansi
hakkinda 6ngoriilemez olmanin ve dolayisiyla daha yiiksek RAP igerigi kullanma konusunda
ihtiyatl olmanin baslica nedenidir [20]. Yiiksek RAP icerigine sahip kesimlerin esas olarak
daha diisiik siiriis kalitesi, daha fazla c¢atlama ve daha iyi tekerlek izi direnci gosterme
egiliminde oldugu, ancak farkliliklarin her zaman istatistiksel olarak anlamli olmadigi
belirtilmektedir [21]. Yiiksek oranda RAP eklenmesinin, iistyap:t performansindan 6diin
vermeden kullanilabilecegi belirtilmektedir [22].

EN13108'e gore karisim prosediiriiniin giivenilirligi arastirildi. Ozellikle, asinma tabakasi
RAP bilesenlerinin dozajlanmasi ve RAP baglayici i¢inde bulunan baglayicinin ve ex-novo
eklenen baglayicinin Performans Derecesi ve kritik sicakliklarin belirlenmesi igin
SuPerPave® tasarim yonergeleri uygulandi. RAP yiizdesi olarak %30, %40 ve %50 oranlari
kullanildi. Sonuglar, uygulanan rasyonel karisim tasarimimnin, Avrupa standartlariyla
tamamen uyumlu olarak aginma tabakasi geri doniistiiriilmiis karigimlarin performans
seviyelerini garanti ettigini gosterdi [23]. Degisen belirli karigim tasarim parametrelerinin
(agrega ve filler yapisi, baglayici igerigi ve tiirii) %20 RAP malzemesi igeren karisimlarin
mekanik 6zellikleri tizerindeki etkisi kalitatif degerlendirilmistir. Analiz sonuglari, baglayici
yapisindaki ve baglayici igerigindeki degisikliklerin, karisimlarin kompleks modiilii lizerinde
istatistiksel olarak 6nemli bir etkiye sahip oldugunu gostermistir. RAP malzeme iceriginin
ve yeni eklenen baglayici penetrasyon derecesinin, karisimlarin kompleks modiilii ve
yorulma omrii lizerindeki etkisi nicel olarak tahmin edilmistir. %60'a kadar RAP malzemesi
iceren karigimlarin gozlenen yorulma ve kompleks modiil performanslar teknik, ekonomik
ve gevresel agidan oldukea cesaret vericidir [24].

NAPA anketi, hemen hemen tiim asfalt fabrikalarinin {iriinlerinde RAP kullandigimi ifade
etmektedir. (HMA)/(WMA) kullanilan toplam RAP miktari artti. Asfalt karigimlarinda
kullanilan ulusal ortalama RAP yiizdesi 2009'da %15,6'dan 2016'da %20,5'e istikrarli bir
sekilde yiikseldi ve buna karsilik gelen RAP kullanimindan elde edilen yillik tasarruf 2 milyar
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dolardan fazla oldu. AB Uyesi 28 iilke igin 2016 yilinda iiretilen 226,8 milyon ton asfalt
malzemesinin yaklasik %17'si mevcut RAP malzemelerine karsilik gelmektedir [16]. Termal
iiretim kosullarinin mekanizmalar1 ve bunlarin RAP karisimlarinin performansi tizerindeki
etkileri iyi anlasilmamustir. Uretim kosullari ile RAP karisimlarinin performansi arasindaki
korelasyonlarin deneysel kanitlari da laboratuvarda iiretilen ve plentte {iretilen RAP
karigimlarina dayali olarak gozden gegirilmistir. Deneysel ¢aligmalar, karigtirma siiresi,
karisim bosaltma sicakligi ve silo depolama siiresi gibi iiretim parametrelerinin RAP
karigimlarinin performansi iizerindeki onemini vurgulamistir. Yerel asfalt fabrikalarinda
kullanilan en iyi iiretim uygulamalarini belirlemek i¢cin RAP karigimlarinin saha performansi
bakimindan; tesis tipi, ham agrega sicakligi, RAP giris sicakligi, RAP nem igerigi, karisim
tahliye sicakligi, silo depolama sicaklig1 ve siiresi, tasima siiresi ve teslimat sicakligi dahil
olmak tizere RAP karigimlarinin tiretim kosullarinin kaydedilmesi ve ardindan takip edilmesi
siddetle tavsiye edilir. Daha kisa bir silo depolama siiresi, ham ve RAP baglayicilar arasinda
eksik bir karisima neden olabileceginden ve daha uzun bir silo depolama siiresi,
baglayicilarin asirt oksitlenmesine neden olabileceginden, RAP karisimlart igin silo
depolama siiresine 6zel dikkat gosterilmelidir. Yiiksek oranda RAP karisimlarinda daha
yumusak bir orijinal baglayici tercih edilmelidir [16].

SBS kopolimer modifiye asfalt, temel olarak kalict deformasyon, diisiik sicaklikta catlama,
yorulma, soyulma, asmmma direnci ve yaslanmayr Onlemeyi iyilestirmek amaciyla
gelistirilmigtir. SBS modifiye karigimlarda sorgulanmaktadir. Geri kazanilmig SBS modifiye
asfalt karigimlari, SBS'nin varlig1 nedeniyle geri kazanilmis asfalt baglayicilardan farklidir
[25-27]. RAP ve genglestirici katkinin performans iizerine etkileri incelenmistir. Geri
kazanilmis SBS modifiye asfalt kaplamay1 igeren asfalt karigimlara yeni SBS modifiye asfalt
baglayici ve genglestirici maddenin karigtirilmasiyla; daha iyi nem duyarliligi, tekerlek izi
direnci, dinamik modiil, diisiik sicaklikta catlama dnleme performansi ve yorulma direncine
sahip karisimlar elde edildigint goriilmiistiir. Genglestirici, RAP igeren daha siirdiiriilebilir
asfalt kaplama hazirlama cabasina fayda saglayacaktir [28]. Eski SBS modifiye asfalt
karigiminin geri doniistiiriilmesinin, modifiye edilmemis asfalt karigimi ile ayn1 geri doniisiim
stirecini takip edip edemeyecegi konusunda ¢ok az literatiir vardir. RAP ile (HMA}Y igin
tasarim stireci, RAP yiizdesi %25'ten diisiik oldugunda orijinal HMA i¢in karigim tasarimina
benzer [29-32]. RAP'n SBS Polimeri ile modifiye edilmis baglayic1 igeren karisimlara dahil
edilmesinin kirilmaya kars1 direnci arttirdigl; yari dairesel centikli kirilma testi ile
belirlenmistir. Karigimlarin yorulma 6zelliklerini 6nemli l¢iide degistirme egiliminde olan
%30'dan fazla RAP’a sahip karisimlarda dikkatli olunmalidir [33].

Fransa'da, A84 karayolunda, bes yil sonra elde edilen saha sonuglarina gore, HL, asfalt
katkis1 olarak giiclii bir teknik ilgi ¢ekmektedir. HL'li ve HL'siz bes boliim olusturuldu ve
takip edildi. Karisimlar, %15 RAP igeren yar1 yogun asfalt betonu (Fransiz BBSG) idi.
Deneysel program, standart ve ileri diizey reolojik ve kimyasal testlere dayali baglayici
degerlendirmesini ve daldirma sonrasinda kalan mukavemet, kompleks modiil ve yorulma
gibi karigim testlerini iceriyordu. Ek olarak, RAP'in nem direnci iizerindeki olumsuz etkisi
vurgulanmig ve HL, performans kaybini en aza indirmek i¢in etkili bir ¢dzlim olarak ortaya
cikmistir [34].

Asfalta D eklenmesi (DMA), yiiksek sicaklik performansini, depolama stabilitesini, tekerlek
izi direncini ve uzun vadeli yaglanma direncini artirabilir. DMA mastik; kiregtasi, HL ve
ucucu kiille modifiye edilenden daha uygun yiiksek ve orta sicaklik performanslarina sahiptir
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[35]. Bununla birlikte, DMA, asfalt karigiminin 1sil iletkenligini ve diisiik sicaklikta
deformasyon yetenegini diisiirmek gibi bazi ¢ekinceler sunmaktadir [36]. DMA hazirlanmasi
icin direkt ve indirekt yontemler kullanilabilir. Direkt harmanlama yontemi kullanildiginda,
D mineral tozu olarak asfalt ve agrega karisimina ilave edilir. Indirekt yontemi
kullanildiginda, karisimm hazirlanmasindan 6nce DMA baglayici hazirlanir [37]. DMA
karigimlarin yorulma performansinin kontrol karisimlara gére 6nemli 6l¢iide iyilesmesi,
asfalt ve D arasindaki iistiin uyum ozelliklerine atfedilmektedir. Bu uyum, karigtirma siiresini
azaltmakta, DMA yaslanmasini azaltmakta, dogrudan dogruya asfalt karisimin durabilitesini
iyilestirmektedir [38].

Bu aragtirmada; RAP malzemesinin yiiksek oran olarak kabul edilen %50 katma orani igin
katk1 secenekleri baglaminda performanslari arastirilmis ve alternatif karigimlar tiretilmistir.
%350 RAP Istanbul’da Avrupa yakasindan temin edilen Akdaglar Asinma Tabakasi tip
dizaynm: ile kullanilmistir. Yaslanmanin yonetilmesi ve deneme {iiretimine de gecilecek
olusundan dolay1 gerek uygulama gerekse plent kosullar1 diisiiniilerek karisimlarin
kalitesinin siirdiiriilebilir kilinmasinda farkli katki segenekleri olusturulmustur. RAP
malzemenin homojenizasyon sorunu olabilmesinden dolayr hem HL hem D katkili hem de
SBS katkilt segenekler iiretilmistir. Olusturulmus genis kombinasyonda karisim 6rneklerine
su hasar1 ve Hamburg tekerlek izi deneyleri gerceklestirilmistir. Elde edilen performans
diizeyleri geleneksel kontrol ve geleneksel SBS kontrol karigimlar ile kiyaslanmaktadir. D
katkisinin segilmesi nedeni Tiirkiye i¢in heniiz yeni bir perspektif olarak silika igeriginin
yiksek olusu ile yaslanmanin yonetilmesi ve karisim performansinin artirilmasi olmaktadir.
Onemli oran olarak %50RAP uygulamasini basarili kilarak ekonomik kazanimlar elde etme
ve orijinal karisimlara benzer performanslarin sorgulanmasi noktasinda; HL, D ve SBS
formiilasyonlar1 farkli segeneklerde kullanilmistir. D %5 ve %10 oranlar olarak literal
uyumla birlikte 2 farkli oran segeneginde kullanilmistir. Belirlenen katki segeneklerinin
literatiirde belirtilen yaygin kullanim oranlarina goére oldukca diisiik diizeyde secilen bu
katkilarin olusturabilecegi birlikte calisma konusu sorgulanmaktadir. Yiiksek RAP oranlari
i¢in olusturulan karigimlar SBS katkisinin da varliginda ayrica irdelenmektedir. Cok yogun
bir deneysel aragtirma gercevesi ile elde edilen sonuglar laboratuvar testleri anlaminda
sorgulanmaktadir ve literal olarak irdelenmektedir.

MALZEME VE YONTEM

Bu aragtirmada; agrega, bitiim, diatomit, HL, SBS polimer malzemeleri ve araziden temin
edilen RAP malzemesi kullanilmistir. Elek analizi tane boyutu dagilim verileri Tablo 2’de;
kaba agrega fiziksel 6zellikleri Tablo 3’de, ince agrega fiziksel 6zellikleri ise Tablo 4’de
verilmektedir. RAP gradasyonu Tablo 2°de verilmektedir ve bitiim yiizdesi de %3,85 olarak
ekstraksiyon deneyinden hesaplanmustir.

Tablo 5 bitlim o6zelliklerini vermektedir. Dizaynda, (12-19), (5-12) ve (0 —5) mm dane
boyutu agregalar ve B50/70 bitiim kullanilmigtir. Gradasyonun hazirlanmasinda, Tablo 6’da
ki elek ortalamalar1 alindi. Gradasyon egrisi Sekil 1°de sunulmaktadir. ISFALT AS
Fabrikasi’'ndan Akdaglar Tas Ocagi’ndan alinarak laboratuvara teslim edilen Kumtasi
agregalarla “Asphalt Institute MS-2 Marshall Metoduna goére 2x75 darbeyle 135-140°C’de
sikistirilan numunelerle Asinma Tip 1 dizayni sonucunda, optimum bitiim; kuru agregaya
gore agirlikca %5,3+0,2 (100g kuru agrega + 5,3gr B50/70 bitiim) olarak bulunmustur.
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Optimum bitim hesabinda Marshall grafiklerinden faydalanilmis, %4 bosluk degerine
kargilik gelen bitiim degeri alinmistir. Dizayn sonuglar1 Tablo 7°de verilmektedir.

Tablo 2 - Tane boyutu dagilimi (Deney metodu-ASTM C136/117)

Elek No Elek 12-19 | 5-12 0-5 RAP
(ing) No (mm) mm mm mm
3/4" 19 100,0 | 100,0 100
12" 12,5 15,6 97,1 100
3/8" 9,5 4,9 73,3 100,0 | 994
No 4 4,75 39 15,4 98,4 83,4
No 10 2,0 3,9 52 61,3 53,4
No 40 0,425 3.9 5,0 24.4 25,1
No 80 0,180 3,9 4.4 12,5 18
No 200 0,075 2,0 3,0 5,6 12
Tablo 3 - Kaba agrega fiziksel ozellikleri
Deney Adi Metot Birim | Sonug¢ | Limit
Los Angeles Asinma TS EN 1097-2 % 17 Maks. 27
Yassilik Indeksi, 5-12 mm | TS EN 933-3 % 13 Maks. 20
Yassilik Indeksi, 12-19 mm | TS EN 933-3 % 11 Maks 20
Soyulma Mukavemeti TS EN 12697-11 | % 70 Min. 60
Kil ve Ufalanabilir Taneler | ASTM C142 % 0 Maks.0,3
Kuru Tane Yogunlugu TS EN 1097-6 Mg/m3 | 2,72 | -
Goriiniir Tane Yogunlugu TS EN 1097-6 Mg/m? | 2,77 -
Doygun Kuru Yogunlugu | TS EN 1097-6 Mg/m? | 2,74 | -
Su Absorbsiyonu TS EN 1097-6 % 0,8 Max. 2,0
Tablo 4 - Ince agrega fiziksel ozellikleri
Deney Adi Deney Metodu Birim Sonug KTS 2013
Plastisite Indeksi TS 1900-1 % NP NP
Metilen Mavisi TS EN 933-9+A1 MB 1,3 Max.1,5
Kurutulmus Tane Yogunlugu | TS EN 1097-6 Mg/m® | 2,66 -
Goriiniir Tane Yogunlugu TS EN 1097-6 Mg/m? | 2,79 -
Doygun Kuru Yogunluk TS EN 1097-6 Mg/m? | 2,71 -
Su Absorbsiyonu TS EN 1097-6 % 1,7 Max. 2,0
Filler Tane Yogunlugu TS EN 1097-7 Mg/m® | 2,75 -
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Tablo 5 - Bitiimlii baglayici ozellikleri (B50/70)

Deney Adi Metot Birim Sonug Sartname
Penetrasyon 25°C TS EN 1426 0,0lmm | 60 50-70
Ozgiil Agirhik d25/25 TS EN 15326 +Al1 | - 1,014 -
Yogunluk 25°C Kg/m? 1011 -
Yumusama Noktasi TS EN 1427 °C 50 46-54
Parlama Noktasi TS EN ISO 2592 °C 306 Min.230
Coziiniirlik TS EN 12592 % 100 Min.99

Tablo 6 - Agrega kullanim oranlart ve karigim gradasyon egrisi

Oran 5% |52% | 43% | Karisim KTS 2013 Isyeri
ELEK ACIKLIK|12-19]5-12] 0-5 | Grad. | Asmma-Tip1 | Karigm
(Inch) (mm) | mm | mm | mm Alt-Ust Sinurlar | Formild
s 19,0 | 5,0 | 52,0430 100,0 100,0 100,0
8 12,5 0,8 |50,5]43,0 94,3 88,0 | 100,0 | 90,0 | 98,0
3/8” 9,5 | 0,2 |38,1]|43,0 81,4 72,0 90,0 | 77,0 85,0
No4 |475| 0,2 | 80 (423 50,5 42,0 52,0 |47,0] 52,0
Nol10 |[2,00| 0,2 | 2,7 |264 29,3 25,0 350 26,0320
No40 [0,425| 0,2 | 2,6 | 10,5 13,3 10,0 | 20,0 10,0 | 16,0
No 80 [0,180| 0,2 | 2,3 | 5,4 7.9 7,0 14,0 7,0 | 11,0
No 200 |0,075| 0,1 | 1,6 | 2,4 4,1 3,0 8,0 30 | 6,0
Agrega Karisiminin Efektif Ozgiil Agirhigi (Gep): 2,736 gr/em?
Agrega Karisiminin Hacim Ozgiil Agirligi (Gsp): 2,692 gr/cm?

Isyeri Karisim Formulii, laboratuvar dizaynina gore plentin ayarlanmasindan sonra, iiretilen
karigimin fiziksel 6zelliklerinin ve sikigsma kontroliine esas yogunlugun tayinini kapsar.
Dizayn, Akdaglar Ocagi’ndan alinarak laboratuvara teslim edilen agregalarla hazirlanan,
Asinma Tip 1 karisimu i¢indir ve plentin ¢alismasina esastir. SBS polimer kullanilmigtir. HL,
S-KK-80-T tiirlinde sonmiis kalker kirecidir. SBS Kraton-1192, %5 oraninda 50/70
Penetrasyon bitlime katildi. Modifiye bitiim, 3000 rpm yiiksek kesmeli karistiricida 4 saat
stireyle 180 °C'de hazirlandi. Bentas Bentonit firmasindan temin edilen ve D, kodlu diatomit
kullanilmistir. D XRF ana oksit sonuglari, Tablo 8’de ve graniilometrisi de de Sekil 2°de
verildi. Diatomit, bitiimiin %5-%10 oranlarinda kullanilmistir. HL, kuru karigimin %0.5
oranindadir. Diatomit ve HL kuru karisima katilmistir. D, diatomit katkisinin XRD analizi

Sekil 3’de; SEM goriintiisii Sekil 4’de verilmektedir.

60




Burak KORZAY, Atakan AKSOY, Mehmet Emre TEKIN

188 —O—segilen W
—OFalt limit ﬂf'
jg ——iist limit /4
. /
X 60
% 50 4
5 0 i
2 5 )
0 .
0 %D,/u

0,01 0,10 1,00

10,00
Elek Boyutu, mm

100,00

Sekil 1 - Kullamilan Karisim Gradasyon Egrisi

Tablo 7 - Dizayn kriterleri

Sonu¢  [Sartname
Bitiim % ‘si (agirlik¢a,100°¢) 5,3+0,2 4,0-7,0
Pratik Ozgiil Agirlik, gr/cm3 (Mg/m?) 2,422
Marshall Stabilitesi, kg 1200 Min.900
IAkma, mm 3,8 2-4
Filler / Bitiim Orani 0,8 Maks. 1,5
Bosluk, % 4,0 3-5
IAsfaltla (bitiim) dolu bosluk, % 73,0 65- 75
|Agregalar arast bosluk (VMA), % 14,6 14- 16

Tablo 8 - Diatomit katkisi ana oksit analiz sonuglart

SiO, |ALOs |Fe,0;5| MgO | CaO |NaO | K,O | TiO, | P,Os | MnO
Birim | % % % % % % % % |PPM| %
D2 74,099 8,437(2,839|3,049(1,852(0,109|1,002| 0,46 | 0,139 (0,054
SO; | Cl | BaO | CuO | NiO | SrO | V,0s| ZnO | ZrO,
Birim | % |[PPM| % % % % % % %
D2 0,016| 83 (0,017{0,319| ND |0,029(0,077| ND |0,018
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Modifiye Lottman Su Hasar1 Testi (AASTHO T 283)

Asfalt kaplamalarda en yaygin sorunlardan biri, esas olarak baglayici kiitlesi i¢indeki
kohezyonun azalmasi veya agregalar ile asfalt baglayici arasindaki adezyonun azalmasi
nedeniyle olugan su hasaridir [39]. Asfalt karigimlarinin nem duyarlili§int degerlendirmek
icin Modifiye Lottman testi (AASHTO T283) uygulanmaktadir. Yaygin olarak kabul
edilmektedir ve asfalt karisimlarin suya karst duyarlilig1 i¢in en dogru testlerden biridir [40].

Kullanilan numuneler kosulsuz ve kosullu numuneler olarak iki kisma ayrilmistir. Kosullu
gruptaki numuneler, vakumlu piknometre ile %70 ile %80 arasinda su ile doygun hale
getirildi. Daha sonra bir plastik film ile kaplandi ve 10 ml su igeren plastik torbaya
yerlestirildi. Plastik i¢indeki numuneler, 20 saat boyunca -18°C'de donmus halde tutuldu.
Dondurma iglemini tamamlayan numuneler 60°C su banyosunda 24 saat bekletilmistir. Su
banyosundan sonra plastik torba ve film ¢ikartilarak kosullandirma islemi tamamlanmistir.
Kosullu ve kosulsuz gruplardaki numuneler 2 saat 25°C'de su banyosuna yerlestirildikten
sonra dolayli cekme dayanimi (ITS) testi yapilmistir. Test makinesi ve numune boyutlari
tarafindan kaydedilen tepe yiikii kullanilarak, cekme mukavemetleri esitlik ile hesaplanir.

Cekme Mukavemeti (psi)=2P/ntD (N

Sekil 5 - Su hasari deneyi goriintiileri
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Cekme mukavemeti (1) bagintist ile bulunur. Burada; P Maksimum yiik (Ibf), t Numune
kalinlig1 (ing), Numune ¢ap1 D (ing) olarak kullanilir. Her briket i¢in ¢ekme mukavemeti
hesaplandiktan sonra kosullu numunelerin ortalama ¢ekme mukavemeti, kuru numunelerin
ortalama ¢ekme mukavemetine orani % olarak hesaplanir.

ITSR=(ITS,/ITS4)x100 (2)

Dolayli ¢cekme mukavemeti orani i¢in (2) bagmtist kullanilir. Burada; ITSR yiizde (%)
cinsinden dolayl ¢gekme mukavemeti orani, ITS,, 1slak grubun psi cinsinden ortalama dolayl
gerilme dayanimi, ITSq kuru grubun psi cinsinden ortalama dolayli gerilme degeridir. Deney
siireglerine ait bazi goriintiiler, Sekil 5°de verilmektedir.

Olusturulan karisim kombinasyonlari i¢in 6zdes briket kosullu/kosulsuz su hasart oranlari
Tablo 9-Tablo 16 arasinda verilmektedir. Tablo 9-16 tablolarinda, %S50RC ifadesi %50
oraninda RAP katilmig karisim anlaminda kullanilmaktadir.

Tablo 9 - Kontrol karisim kosullu/kosulsuz ozdes briket su hasari oranlari

Kontrol Kosullu
Karigim S1 S2 S3
Kosulsuz 137,02 127,51 129,45
S1 163,58 0,8376 0,7795 0,7914
S2 154,4 0,8874 0,8258 0,8384
S3 172,5 0,7943 0,7392 0,7504

Tablo 10 - Kosullu/kosulsuz briketler su hasart oranlart (%50RC%0.5HL)

%50RC Kosullu
%0.5HL S1 S2 S3
Kosulsuz 127.44 | 141,17 | 123,03
S1 163,58 0,7791 0,8630 0,7521
S2 | 1544 | 0.8254 | 09143 | 0.7968
S3 172,5 0,7388 0,8184 0,7132

Tablo 11 - Kosullu/Kosulsuz Briketler Su Hasart Oranlari (%50RC%0.5HL%10D)

%50RC Kosullu
0, 0,
%0.5SHL%10D 31 2 33

Kosulsuz 141,39 138,06 147,10
S1 163,58 | 0,8644 | 0,8440 | 0,8993
S2 154,4 0,9157 | 0,8942 | 0,9527
S3 172,5 0,8197 | 0,8004 | 0,8528
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Tablo 12 - Kosullu/kosulsuz briketler su hasari oranlari (%50RC%0.5HL%5SBS %5D)

Tablo 13

%50RC Kosullu
%0.5HL%5SBS
%5D S1 S2 S3
Kosulsuz 162,07 | 160,00 | 161,95
S1 163,58 0,9908 0,9781 0,9901
S2 154,4 1,0497 1,0363 1,0489
S3 172,5 0,9396 0,9276 0,9389
- Kosullu/kosulsuz briketler su hasart oranlar
%5SBS Kosullu
S1 S2 S3
Kosulsuz 130,20 127,89 128,84
S1 163,58 0,7959 0,7818 0,7876
S2 154,4 0,8432 0,8283 0,8344
S3 172,5 0,7548 0,7414 0,7469

Tablo 14 - Kosullu/kosulsuz briketler su hasart oranlart (%50R

(%5SBS)

C%0.5HL %5D)

%50RC Kosullu
%0.5HL %5D S1 S2 S3
Kosulsuz | 122,81 | 146,18 | 134,02
S1 | 163,58 | 0,7508 | 0,8937 | 0,8193
S2 154,4 0,7954 0,9468 0,8680
S3 172,5 0,7120 0,8474 0,7769

Tablo 15 - Kosullu/kosulsuz briketler su hasari oranlart (%50RC%0.5HL%5SBS)

%50RC Kosullu
%0.5HL%5SBS Sl S2 S3
Kosulsuz 150,71 161,22 143,65
S1 163,58 0,9214 0,9856 0,8782
S2 154,4 0,9761 1,0442 0,9304
S3 172,5 0,8737 0,9346 0,8328

Tablo 16 - Kosullu/kosulsuz briketler su hasart oranlart (%50RC%0.5HL%5SBS%10D)

%S0RC %0.5HL Kosullu
%SSBS %10D ST © 5
Kosulsuz 147,88 | 147,99 | 161,39
S1 | 163,58 | 0,9041 | 09047 | 0,9866
S2 1544 | 0,9578 | 0,9585 | 1,0453
S3 172,5 0,8573 | 0,8579 | 0,9356
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Sekil 6 kontrol ve tiim modifiye karigimlarin ITS degerlerini sunmaktadir. Sekil 7, kontrol
ve modifiye karisimlarin kosulsuz ITS degerlerini vermektedir. Sekil 6 ve Sekil 7
kapsamindaki veriler irdelendiginde, uygulanan su hasar1 kosullandirmasimin ITS degerlerini
azaltti1 belirtilebilir. %S0RAP katkili karigimlarda Sekil 6 ve Sekil 7°da goriildigi tizere,
karigimda ister HL isterse D olsun karisima SBS girmesi durumunda ITS degerleri yaklasik
%15 diizeyinde artmaktadir. Bu artig, 6zellikle kosulsuz briketler icin ¢ok belirgin
olmaktadir. Kosullandirma durumunda ise yine HL ve D birlikte ve ayr1 ayr1 varliginda, SBS
katkis1 bireysel briket anlaminda ve ortalama degerleri anlaminda yine mukavemet artisi
olusturmaktadir.
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Sekil 6 - Kosullu ¢cekme dayanimi
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Sekil 7 - Kosulsuz ¢ekme dayanimi
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Sekil 8, kosullu ve kosulsuz ¢ekme dayanimlarinin ortalamalarimi vermektedir. Degerler,
kontrol ve katkili modifiye karisim alternatifleri icin, 6zdes briketlerin ortalamasi olarak
sunulmaktadir.
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Sekil 8 - Kosullu ve kosulsuz ¢cekme dayanimlarinin ortalamalar

1,1
1,0
0,9
0,8
0,7
0,6

0,4
0,3

0,1

Cekme mukavemeti orani

Kontrol %5SBS  %S50RC  %S50RC  %S50RC  %50RC  %SORC  %SO0RC
9%0.5HL %0.5HL %0.5HL %0.5HL 9%0.5HL %0.5HL

%5D %10D  %5SBS  %5SBS  %5SBS

%5D %10D

Karigim tiirii

Sekil 9 - Kontrol karisimlarin ve %50RAP katkili modifiye karigimlarin kosullu/kontrol
kosulsuz dolayli cekme mukavemeti oranlart

Sekil 9°dan goriildiigi iizere, %50RAP katkili karigimlarda sadece %0.5HL kullanilmasi su
hasar1 direnci bakimindan heniiz iyilesme saglayamamistir. Sadece HL kullanilmast
durumunda bile, %50RAP karisimlar i¢in kontrol ve SBS katkili kontrol karisima benzer
sonu¢ alinmaktadir. Sadece su hasar1 degerlendirilirse %50RAP karisimlar i¢in bu oran
yaklasimi degeri yiiksektir. Diger performans problemleri ile karsilasgtirma yapilmalidir.
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Tekerlek izi ve zellikle yorulma deneyleri gergeklestirilmelidir. %5D katildiginda kismi
iyilesme baslamistir. %10D degerinde ise su hasar1 direnci belirgin olarak artmistir. Diisiik
HL oraninda D oraninin %5’den %10 degerine artirilmas ile su hasari direncinin artmasi,
HL ve diatomitin birlikte performans artis1 ortaya koyabildigini gostermektedir.

Sekil 9°da kontrol karisimlarin ve %50RAP katkili modifiye karisimlarin kosullu/kontrol
kosulsuz dolayli gekme mukavemeti oranlari verilmektedir. 0.75 oran degeri bir kabul kriteri
olarak ele alindiginda, kontrol ve %5SBS kontrol karisimlar1 kabul kriteri olarak kabul
gormektedir. Dikkati ¢geken dnemli nokta, %50RAP katkili karisimlarda HL ve D katkist ile
SBS varliginda su hasari oran degerlerinin %50 RAP seceneklerinde dahi artmis olmasidir.
Kontrol karigimlara gore, %50RAP katili karisimlarin HL-SBS varliginda su hasari direnci
%12 oraninda artmaktadir. Bu karisim biinyesinde %5D ilavesi ile kontrol karigimlara gore
artig oran1 %18,68 olmaktadir. Ayn1 karisimlarda D oraninin %5 degerinden %10 degerine
cikmasi halinde artis oram1 %13 olmaktadir. HL-SBS varliginda, %50RAP katkili
karisimlarda %5D degeri %10D degerine gore daha yiiksek su hasar1 direnci vermektedir.
%50RAP katkili karisimlarin su hasar1 direncinin orijinal karigimlarin su hasar1 direncinin
iizerine ¢iktig1 goriilmektedir. HL, su hasar1 ve diger performans ydnlerinden 6nemli
iistlinliik saglayan bir katki malzemesidir. HL katma orani, literatiirde belirtilen ve 6nerilen
genel kullanim oranmin yaklagik 1/3 kismi olarak kullanilmigtir. Bir karisim uyumlastirici
fonksiyonu ve performans gelistirici olarak 6ngoriilmiistiir. D katkist ise yine literatiirde %13
orani olarak genellikle kullanilirken bu arastirmada, ¢oklu katk: segenekleri baglaminda, yine
daha diisiik ve ¢ok diisiik oranlar1 olarak %5 ve %10 oranlar1 kullanilmistir.

HL+SBS birlikte kullanilan %50RAP katkili karisimlarda ise ¢cok daha yiiksek su hasari
direnci s6z konusudur. HL+SBS uyumunun daha yiiksek bir su hasar1 direnci olusturdugu
goriilmektedir. Su hasar1 performans artis1 bakimindan %50RAP katkili karigimlarda HL+D
birlikteligine goére HL+SBS birlikteligi belirgin olarak daha fazla su hasari direnci
olugturmaktadir. Her ne kadar HL katkisinin bitiimdeki karboksilik asit bilesenleri ile
tepkimeye girdigi degerlendirilse de, esas anlamda bitiim ve karigim modifiyeri olan SBS
katkisinin HL ile daha yiliksek uyum verdigi goriilmektedir ve su hasarinin da bitiim
modifikasyonu ile olan iligkisinin daha belirgin etkin faktér oldugu anlasilmaktadir. SBS
katkis1 %S0RAP katkili karigimlarda sonmiis kiregli ve diatomitli karisimlar i¢in su hasari
direncini daha da artirmis ve bu anlamda 0.90 degerini asan ¢ok yiiksek bir su hasari direnci
olusturmustur. %0.5HL katkili karigimlarda geleneksel SBS kullanim oraninda daha diisiik
diatomit orani (%5) daha belirgin bir iyilegsme saglayabilmistir. Bu noktada, katkisiz kontrol
kosullu karigimlara gore %22,5 yiiksek su hasart direnci RAP katkili karisimlar icin
olusmustur ki bu ¢ok iistiin basarim olarak degerlendirilmektedir. Buradan su genel
sonucu ¢ikarmak da olanaklidir. SBS katkis1 gerek sonmiis kirecle gerekse de diatomitle
uyumlu ¢aligmaktadir.

Hidrate kirecin, asfalt kaplamada baglayici filmi sertlestirmek igin en ¢ok kullanilan filler
maddesi oldugu ve aktif dolgu partikiilleri arasindaki giiglii fiziksel-kimyasal etkilesim
nedeniyle agrega-asfalt bagini gelistirerek asfalt karigimimin nem etkilerine kars1 daha az
duyarli olmasima neden oldugu bilinmektedir. HL ve asfalt baglayici gelismis kohezyon
mukavemeti ve hasar direncine sahip bir baglayici iiretmektedir [41]. Diatomit modifiye
asfalt karigimin su stabilite degerleri, modifiye edilmemis karisima kiyasla 6nemli dlgiide
artmasina ragmen, diyatomitin asfalt karigimlariin gatlama direnci {izerinde ¢ok az bir
iyilestirmeye sahip oldugu belirtilmektedir [42]. Donma-¢oziilme dongiisii etkileri altinda
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diatomit ile modifiye edilmis asfalt karisiminin performansi arastirildi. Diatomit kullanilarak
nem hasar1 direncinin acgikca iyilestirildigi belirtilmektedir [43-44]. Ugucu kiil ve diatomit
dahil olmak iizere ii¢ tip kat1 atik maddenin, yogun asfalt karigimlarin tekerlek izi ve nem-
hasar direnci performansini artirmak icin kirecgtast tozuna alternatif dogal filler maddeleri
olarak da kullanilabilecegi belirtilmektedir [45].

Modifiye Lottman testi ayirt edici ve basarim diizeyi yiiksek bir deney yontemi olarak
ongorilmektedir. Bu arastirmada da Modifiye Lottman testinin bu ayirt ediciligi
goriilmiistiir. Belli mantik dahilinde kendisine yiiklenen fonksiyonlar1 gerceklestirdigi
goriilen SBS, HL, Diatomit modifiye karisimlar i¢in bu ayirt ediciligi bu karigimlar
noktasinda da gostermistir. Diisiik oranda HL, diisiik oranda diatomit ve yaygin oranda
%35SBS kullanim oranlarinda; %50RAP karisimlar su hasari direnci bakimindan ¢ok yiiksek
bir iyilesme saglamaktadir. Bu sonug bu karigimlarin uzun dénemli performans anlaminda
tekerlek izi ve diger performans problemleri agisindan da ¢ok iyi sonug verecegi anlaminda
degerlendirilmektedir.

Hamburg Tekerlek izi Deneyi

Laboratuvar tekerlek izi testi sonuglari ile saha performansi arasinda daha dogru bir iligki
bulmak i¢in onlarca yildir ¢aba sarf edilmis ve Hamburg tekerlek izi (HWT) testi, asfalt
kaplama analiz cihazi (APA), Fransiz iistyapi tekerlek izi testi ve akma sayisi testi gibi ¢esitli
tekerlek izi test yontemleri gelistirilmistir. Bu test yontemleri arasinda, HWT tekerlek izi
derinliginin, hizlandirilmig yiikleme kolayligi ve saha tekerlek izi derinligi ile giiglii bir
korelasyona sahip oldugu kanitlanmistir. Ek olarak, diger tekerlek izi test yontemleriyle
kargilagtirildiginda, HWT testi, saha karotlarini test numunesi olarak kullanabilmektedir.
Acikea, laboratuvar tekerlek izi numuneleri ile karsilagtirildiginda, HWT tekerlek izi
derinligini kullanarak bir tekerlek izi tahmin modeli olusturmak anlamlidir [46].

Tekerlek izi deneyi ISFALT Laboratuvarindaki Sekil 10°da goriilen Hamburg tekerlek izi
cihazi kullanilarak yapilmistir. Hamburg cihazi mikser, kompaktor ve test makinesi olmak
tizere U¢ liniteden olusmaktadir. Her {i¢ {inite de elektronik 1s1 kontrol donanimli olarak
calismaktadir. I¢ kisimlarin 1sitilmasi ve kontrol sistemi, sicak hava iiflemesi veya su cevrimi
ile yapilabilmektedir. Biitiin test kontrolleri bilgisayar yazilimi ile desteklenmektedir. Online
display baglant1 goriintiisii ve bilgi depolama ozellikleri yardimiyla her bir tekerlegin
olusturdugu iz, sicaklik ve gegis sayist siirekli olarak kaydedilmekte ve ekrandan da birebir
izlenebilmektedir. Numune iizerinde olusan tekerlek izi derinlikleri cihaza bagli bilgisayar
yardimiyla otomatik olarak hesaplanarak grafige yansitiimaktadir. Bitimlii karisimlarin
deformasyona karst direnci, yiikli bir tekerlegin sabit sicaklikta (60°C) tekrarlanan
gecigleriyle olusan tekerlek izi derinligi Olgiilerek degerlendirilmistir. Numunelerde
kullanilan optimum baglayici, agrega gradasyonu ve malzeme Ozellikleri Marshall
numuneleri i¢in hazirlanan malzemeyle aynidir. Deneyde kullanilmak iizere her bir karigim
tipi icin, 2’ser adet numune hazirlanmistir. Hazirlanan numuneler deneysel uygulamaya
almmadan 6nce 48 saat bekletilerek dinlendirilmistir. Marshall tasariminda tespit edilen 5,3
bitiim igerigiyle hazirlanan numuneler, test edilmeden 6nce, deney sicakligi olan 60°C’ye
gelmesi igin, 1s1 ayarli test kabininde 4 saat siireyle bekletilmistir. Deney, sag ve sol tarafta
bulunan iki kalip igerisinde yer alan ayn1 &zellikteki karisim numunelerine uygulanmis ve bu
iki degerin ortalamasi deney sonucu olarak kaydedilmistir. 20000 gecis yapilarak tekerlek izi
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derinlikleri tespit edilmistir. Grafiklerle gosterilen tekerlek izi 6l¢iimleri tiim karigimlar igin
Sekil 11-13’de verilmektedir. TS EN 12697-22 prosediirii uygulanmistir.

Sekil 10 - HWTT tekerlek izi test cihazi

Su hasar1 deneyleri ve Hamburg tekerlek izi deneylerinin segilen yontemler olarak
tutarliliklar1 bu aragtirmada olusturulan geleneksel ve modifiye karigimlar igin de net olarak
gozlenmektedir. Geleneksel RAP icermeyen kontrol SBS karigimin 20 bin yiikleme sonunda
olusturdugu deformasyon derinligi 1,89mm olmustur. Bu karisima %50 oraninda RAP
katilmastyla, sénmis kirecin birlikte kullanilmasi durumunda 1,95mm tekerlek izi derinligi
olusmustur. %50RAP olmasina karsin bu deger, katkisiz ve RAP olmayan karigimlarin yani
kontrol karisimlarin 2,34mm tekerlek izi derinligine gore %20 daha fazla bir tekerlek izi
direnci olustugunu gostermektedir.

Sekil 11 karigimlar igin sol tekerlek grafiklerini, Sekil 12 sag tekerlek grafiklerini ve Sekil
13 ise ortalama tekerlek izi grafiklerini sunmaktadir. %50RAP katkili karigimlarda HL ve
SBS katkili karigimlara %5diatomit ilavesinde 1,85mm; %10 diatomit katilmast durumunda
ise 1,83mm tekerlek izi derinlikleri olugsmaktadir. %50RAP katkili segeneklerde karigima
HL+SBS katki birlikteligine diatomit eklenmesi diisiik ya da orta oranda kullanim noktasinda
(%5-%10) tekerlek izi direncini artirmaktadir. %50RAP katkili seceneklerde %5SBS
oraninda, diisiik oranda HL (%0,5) ve diigiik oranli diatomit i¢in tekerlek izi direngleri; hic
katkisiz kontrol karigimlara gore %27 oraninda; SBS katkil1 kontrol hasarsiz karigimlara gore
%3 oraninda daha iyi sonu¢ vermektedir. Agik¢a SBS katkisinin tekerlek izi direnci
konusundaki istiinligii goriilmektedir. %50RAP katkili karigimlarda da SBS katkisinin HL
ve HL+diatomit birlikteligiyle uyumlu ¢aligmast SBS katkisinin farkli filler malzemeler ile
rahatlikla kullanilabilecegini isaret etmektedir. Olusturulan SBS’li ve diisik oranli
HL+Diatomit segenekleri %50RAP katkili karigimlari orijinal karigimlara gore daha yiiksek
tekerlek izi direncine kavusturmaktadir. Olusturulan bu katki segenekleri %50RAP geri
doniigiim konusunu miimkiin kilmaktadir.

Sekil 13’de ortalama tekerlek izi derinlikleri (mm) verilmektedir. Artan diatomit oranina gore
karsilastirma yapilmasi ayrica hedeflendigi ve grafiklerde anlasilirigin olusmasi igin
grafikler bu bakimdan diizenlenmistir. Tekerlek izi bakimindan SBS polimer iistiin
performans saglamaktadir. 20000 yiikleme altinda tiim RAP %50 katkili karigimlarda sabit
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%0,5HL katkis1 bulunmaktadir. Su hasar1 deneylerindeki gibi burada da SBS ve HL arasinda,
HL diistik degerde kullanilsa da (1/3) 6nemli bir birlikte ¢alisma etkisi (sinerji) olugsmaktadir.
SBS ve HL katkilar1 bir arada yiiksek uyumludur ve birlikte calismaktadir.
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Sekil 11 - Sol tekerlek deformasyon egrileri

SBS katkisinin yanina HL eklenmesi, SBS+HL birlikteligine diatomit eklenmesi durumunda
Hamburg tekerlek izi testi bu katkisal gelisim diizeyini tekerlek izi direnci bakimindan ortaya
koymaktadir. Bu bakimdan Hamburg tekerlek izi deneyi bu ayirt ediciligi noktasinda tistiin
bir deney yontemi olarak degerlendirilmistir. Hamburg tekerlek izi deneyi kuru ortam olarak
gerceklestirilmistir. Kullanilan HL katkisinin kimyasal bir modifiyer olarak gerek agrega ile
suyun varliginda ve gerekse de bitlimiin karboksilik asitleriyle girdigi tepkime sonucunda
tekerlek izi bakimindan ¢ok daha yiiksek tekerlek izi direncinin aktif adezyon kosullarinda
olusacag1 degerlendirilmektedir. Bu kuru deneyde de SBS kontrol karigimlara gore belirgin
olarak tekerlek izi direncini artirmaktadir. Su hasar1 direnci bakimindan oldugu gibi tekerlek
izi direnci bakimidan da %50RAP katkili karisimlar SBS ve HL ve D katkilart ile tekerlek
izi direnci bakimindan kontrol karigimlardan %28-%45 diizeyinde daha iyi tekerlek izi
direnci gostermistir. Bu durum seg¢ilen 20000 yiikleme kosulu igin gecerli olmustur. Su hasari
sonuglart ile birlikte degerlendirildiginde daha yiiksek yiikleme sayilart yani uzun dénemli
tekerlek izi direnci bakimindan olusturulan bu katki birlegsiminin daha da {istiin tekerlek izi
direnci gosterecegi degerlendirilmelidir. Bu konu diger arastirmalara konu edilecektir.
Olusturulan tim %50RAP katkili modifiye karisimlarin kontrol karigimlardan daha yiiksek
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tekerlek izi direnci vermesi %50RAP karigimlarin uygulamada basariyla kullanilabilecegini
gostermektedir. Arastirma sonuglarinin yorulma performansi bakimimdan da secilen bir pilot
karigim olarak %50RAP+%0.5HL+%5SBS+%5diatomit karisimi igin gergeklestirilmesi
diigiiniilmektedir.
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Sekil 12 - Sag tekerlek deformasyon egrileri

Filler ilavesinin, karigimdaki diisik oranina ragmen karisim mukavemetini artirdigt
kanitlanmigtir. Filler tozunun ikili rol oynadigina inanilmaktadir. Filler temel islevi;
bosluklart doldurmak, biiyiilk agregalar arasinda ¢ok sayida temas noktasi saglamak ve
bdylece baglayici ve agrega birbirine gegme etkilerini artirarak karigimi giiglendirmektir.
Diger islevi, baglayiciy1 sertlestirmek ve biiyiik agrega parcaciklari arasinda daha iyi
yapigmaya katkida bulunan daha yiiksek tutarhlikh bir baglayici veya mastik olusturmaktir
[47]. D kirectas1 tozuna kiyasla mineral fillere uygun alternatif oldugundan, giderek daha
fazla ilgi kazanmaktadir. D-kirectas1 tozunun ¢esitli hacim oranlarina (0:1, 0,25:0,75, 0,5:0,5,
0,75:0,25 ve 1:0) sahip bes grup kum asfalt, SLD y6ntemi ile degerlendirildi. D kullanimiyla,
kum asfaltlarin sikistirma mukavemeti, deformasyon 6zellikleri ve diisiik sicaklik catlak
direncinin iyilestirildigini goriildi. Kiregtasi-D optimal orani; sekant modiilii ve siinme
gerinim sonuglaria gére SLD yontemiyle (0,327:0,673) olarak belirlendi [48].
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Sekil 13 - Ortalama tekerlek izi egrileri

Sekil 13°de egrileri verilen ortalama tekerlek izi degerlerinin, sayisal olarak belirli tekerlek
gecis sayilarinda tekerlek izi miktarlart (mm) Tablo 17°de verilmektedir.

Diatomit asfalt mastiginin; kiregtasi, HL ve ugucu kiil asfalt mastiklerinden daha iyi
performans gosterdigi ve potansiyel filler oldugu belirtilmektedir [35]. DMA, yiiksek
sicaklik ve reolojik ozellikleri iyilestirmekte, diisik sicaklik 6zelligini ise 6nemli Slgiide
etkilememektedir. DMA yaslanma direnci, diatomit igerigi arttikca Onemli Olgiide
iyilegsmektedir [49-50]. Asfalt filler mastigi iiretmek icin %2 icerikli HL, ¢imento ve D
secilmigtir. Filler kullanim1 mastiklerin sertligini artirmaktadir. D mastik, yiliksek sicaklik ve
stres seviyelerinde tekerlek izine kars1 en iyi direnci sergiler ve diatomit filler kullaniminin
uygun oldugunu dogrular [51]. Mineral fillerlerin birka¢ polimer modifiye bitiimiin reolojik
davranisina etkisi—aragtirildi. PMB'leri iiretmek icin saf bir bitiim ve iki tip polimer
(elastomerik ve plastomerik) kullanilmis ve mastik elde etmek i¢in farkli minerallere
(kiregtasi ve bazalt) sahip iki filler maddesi segildi. Degistirilmemis mastikler i¢in BBR
sonuglari, filler tipinden bagimsiz olarak sertlik artisinin benzer oldugunu gosterirken,
polimer modifiye mastikler icin sonuglar, takviye derecesinin filler/polimer tipi
kombinasyonuna bagli oldugunu gostermektedir  Filler ilavesi, filler/polimer
kombinasyonuna bagli olarak, kalict deformasyon duyarliligini azaltmakta ve elastik tepkiyi
artirmaktadir. Filler ile bitiim arasinda fiziksel-kimyasal etkilesim olusmakta ve etkilesim
seviyesinin biiytik 6l¢iide polimer modifikasyonunun tipine bagli oldugu goriilmektedir [47].
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Tablo 17 - Belirli tekerlek gecis sayilarinda tekerlek izi miktar: (mm)
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Diatomitin, mineral tozlara kiyasla asfalt mastigin yaslanmasimi énemli dlgiide iyilestirdigi
goriildii. Asfalt mastik, diatomit degistirme oran1 %75 oldugunda yiiksek sicaklikta optimum
mekanik Ozelliklere sahip olmaktadir [52]. Orta ve yiiksek sicakliklarda asfalt mastik
iizerinde diatomitin iyilestirmesinin HL ve ucucu kiilden daha etkin oldugu belirtilmektedir
[35].

Diatomit tekerlek izi direncini énemli Slcilide iyilestirmekte buna karsin egilme rijitlik
modiilii arttiginda diisiikk sicaklik performansini diisiirmektedir. Diatomit ilavesi; asfalt
mastik ve karisiminin yiiksek sicaklik stabilitesine ve yaglanma karsiti performans geligimine
katkida bulunmaktadir [53]. Diatomitin asfalt karisimlarin rijitlik modiilii lizerinde 6nemli
etkiye sahip oldugu, asfalt karisimlarin tekerlek izi ve yorulma onleme performansini
artirdigt goriildii. Diatomit, asfalt karigimlarin ¢esitli  Ozelliklerini  biiyiik dlglide
iyilestirmistir. Ancak bu ¢aligmalar yogun gradasyonlu asfalt karisimlarina dayal iken, agik
gradasyonlu karigimlara yonelik aragtirmalar daha azdir [36].

SONUCLAR

%15-20 RAP katkili karigimlar, dizayn siireglerinde bir sorun olusturmaksizin rahatlikla
kullanilabilmektedir. %50 oraninda RAP kullanimi yiiksek bir orandir ve bu arastirmada
daha yiiksek ekonomik ve diger kazanimlar noktasinda bu karigimlar sorgulanmaktadir.

Asfalt karigimin {iretim asamasinda, plentlerde bitiim oksidasyonu ve buharlasan bilesen
kaybiyla yaslanma olugmaktadir. Arazi kosullarinda artan oksidasyon ise uzun siireli
yaglanma olmaktadir. RAP katkili karigimlar bu anlamda iki tiir yaglanmaya da maruz
kalmislardir ve tekrar liretime girdiklerinde yeniden yaslanacaklardir. Bu bakimdan; diatomit
katkisina silika igerigi ile 1s1 yayilimini kontrol ederek yaslanmay1 azaltmasi yoniiyle karar
verilmistir. SOonmils kirecin bitiim tizerindeki yaslanma Onleyici etkileri ayrica
diistiniilmistiir. %50RAP katkili karigimlarda; SBS katkis1 ve bu filler tiirii katkilarin birlikte
calisma etkisi degerlendirilmis ve katki secim siireci 6zellikle yaslanma yonlii iyilestirme
pratigi tizerine odaklandirilmigtir. SBS polimer varliginda, SBS polimer ile birlikte calisma
etkisi ele alinarak ve diisiik oranlarda da performans artis1 sagladiklar1 bilindiginden dolayz;
D ve HL yaygin kullanim oranlarinin olduk¢a diisiik degerlerinde (1/3) kullanilmstir.
Diatomitin yeni perspektif olarak, diisiik ve orta kullanim orani (%5-%10) segenekleri de
dahil edilmistir (Maksimum %13 olarak biliniyor). SBS polimeri %5 yaygin kullanim
oraninda kullanilmistir. Bu aragtirmadan asagida belirtilen sonuglari ¢ikarmak olanakli
goziikmektedir:

Modifiye Lottman testinin; D, HL, SBS ve RAP’lI1 karigimlar icin ayirt edici oldugu ve
performanslar1 bagarimli yansittig1 goriilmektedir. %0,5 HL oraninda (diisiikk HL orani-%]1-
1,5 genelde kullanilan); D oraninin %5’den (%18 artis) %10 degerine (%13 artis) artirilmast
ile su hasar1 direncinin artmasi, HL ve diatomitin birlikte performans artis1 olusturdugunu
gostermektedir. HL+SBS birlikteligi (0.92); HL+D (%5D) birlikteligine gore (0.87) daha
yiiksek bir su hasar1 direnci olusturmaktadir. SBS katkis1 gerek HL gerekse de diatomitle
uyumlu ¢aligmaktadir. Diisitk oranda HL, diisiik oranda D ve yaygin oranda %5SBS kullanim
oranlarinda; %50RAP karisimlar su hasari direnci bakimindan ¢ok yiiksek (0.99) bir iyilesme
(%19 fazla) saglamaktadir.
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%S50RAP katkili (HL-D-SBS) modifiye karisimlarin; kontrol karigimlardan %27 daha ytiksek
tekerlek izi direnci vermesi bu karigimlarin basartyla kullanilabilecegini gostermektedir.
%50RAP segenekleri, secilen katki birlesimleri ile orijinal karigimlardan daha direngli hale
hem tekerlek izi hem de su hasar1 deneylerinde getirilmistir. Diigiik kullanim oranli
diatomit+HL birlikteliginin, SBS oran1 azaltilmasi i¢in kullanilip kullanilamayacagi
arastirilmalidir.
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ABSTRACT

An alternative solution technique based on mixed finite element (MFE) formulation in the
Laplace-Carson domain is proposed for quasi-static and dynamic analyses of viscoelastic
plate (VEP) resting on an elastic foundation (EF). This work contributes a numerical solution
to the problem of a viscoelastic Kirchhoff plate supported on a Winkler foundation. VEP-EF
interaction problems are taken into account under different wave-type loadings. The
viscoelastic material behavior of the plate is modeled by the Zener rheological solid model.
A four-nodded linear isoparametric element with sixteen degrees of freedom is used to model
the VEP. The functional developed in the Laplace-Carson domain based on the Gateaux
differential method is transformed to the real time domain by utilizing the Dubner and Abate
(D&A) inverse Laplace transform technique (ILTT). To evaluate the applicability of the
results, five numerical samples are considered. Further analyzes are performed on different
wave type loadings to offer a new perspective on the time-dependent behavior of VEP on
EF.

Keywords: Viscoelastic plate, plate-foundation interaction, wave-type loadings, Gateaux
differential, Laplace-Carson transform, Dubner & Abate.

1. INTRODUCTION

Analysis of interaction of different structural elements with the supporting foundation is a
typical problem in diverse fields of modern engineering disciplines such as structural,
pavement and foundation. Numerous authors have employed various approximate numerical
methods to investigate structural element - foundation interaction problems in recent years.
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Plate-foundation interaction problems are very common in civil engineering. In many
practical applications, elastic and viscoelastic plates are in contact with the soil. Elastic
ground effects are among the many factors that can have significant and unexpected effects
on the behavior of plates. Therefore, there is a need to understand the behavior of composite
plates resting on the elastic foundation. There are Winkler and Pasternak models, elastic half-
space models, and other approximate models describing elastic foundations [1-2]. The
Pasternak model has been widely adopted to describe the mechanical behavior of elastic soils,
and the well-known Winkler model is a special case of this model. The Winkler elastic
foundation model provides satisfying results in many practical engineering applications. A
concise review of elastic foundation models is considered by Wang et al. [3] and Kerr [4]. In
many research papers, elastic plate-Winkler elastic foundation interaction problems are
investigated using various techniques such as boundary element, finite difference and finite
element [5-14], which assumes that the plate material is linear elastic. When viscoelastic
materials have been incorporated as structural elements in many engineering situations, the
need for studies on viscoelastic problems has increased. Viscoelastic constitutive relations
are more realistic than elastic constitutive relations to reflect the material behavior. Basic
concepts regarding the mechanical behavior of viscoelastic structural components are
presented in the studies [15-21]. The investigation of ground effects on the behavior of
elastic/viscoelastic plates has been the subject of many studies [22-35]. Based on our
literature review, many research activities have been devoted to the development of
theoretical and computational methods for elastic/viscoelastic plate - elastic/viscoelastic
foundation interaction problems. However, to the best of our knowledge, this study is unique
in that it proposed MFE formulation to analyze the response of thin VEPs, which is modeled
by the Zener rheological solid model, subjected to wave-type loadings and resting on EF. In
the present study, different quasi-static and dynamic example problems are considered for
quantifying the effect of EF on the behavior of VEPs. This study has contributions to
scientific knowledge as follows: this study presents an improved MFE formulation that is
simple, reliable and efficient in computations. By mixed formulation moment and shear force
values (if any) are obtained independently from displacements without any back substitution
process, which is unavoidable in displacement models. All field equations can be enforced
to the functional systematically. For instance, the Gateaux differential method can be applied
to any field equations for which stationary functional and boundary condition terms of the
problem under consideration are not known beforehand. Geometric and dynamic boundary
conditions can be obtained more easily. For the Gateaux differential method, boundary
conditions are wholly dealt with through mathematical manipulations. The field equations
can be verified via potential testing, which is defined by [36]. The Gateaux differential
method is applicable if the operator form of the field equations is potential (positive definite
and self-adjoint). A numerical methodology presented in this study was applied for the
analysis of viscoelastic structural members by Ak6z and Kadioglu [36] and Kadioglu and
Akoz [37-39]. In these studies, MFE formulations of viscoelastic parabolic and circular
beams were derived based on the Gateaux Differential method. Moreover, the proposed
solution procedure was successfully applied to the analysis of viscoelastic Kirchhoff plates
constituted by different rheological models by Akdz et al. [40] and to the analysis of Mindlin-
Reissner plates made of viscoelastic materials based on the shear deformation theory by
Tekin and Kadioglu [41].
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2. METHOD
2.1. WinKkler Elastic Foundation

In the Winkler foundation model, the relevance between the external pressure gy and the
deflection of the foundation surface parallel to the z-axis w (Fig. 1) is given by:

qx = kw 6]
Here, & is the modulus of subsoil response of foundation. When applied to laterally loaded

plates, the mathematical model for the plate-elastic foundation interaction system yields a
biharmonic differential equation as:

DV*w + kw = q, (2)
Here, D indicates the bending stiffness of the plate and V* indicates a biharmonic operator:
a* 9* 9*

4 _ Y — —_
V= ox* t+2 0x29y? + ay* 3)

/—%
k

ny

ANNAINNANNNANNNNANN N NNNNNANNNNNNANN

Fig. 1 - Winkler foundation model

2.2. Viscoelastic Plate - Winkler Elastic Foundation Coupling

The governing equations of plates made of viscoelastic materials were derived in Laplace-
Carson space by [40] using the Kirchhoff plate theory with internal forces of which their
positive directions are depicted in Fig. 2.

The Laplace-Carson transform g(r) of a function g(t) with respect to time is defined by

gy =r [ e Ttg(t)dt (4)

Here, r is the parameter of the Laplace transform, which is in general a complex number.
Implementation of the Laplace-Carson transform with regard to time in field equations to
remove time derivatives yields the following field equations in terms of four variables in the
Laplace-Carson space, including the bending and twisting moments (M,, 1\7Iy, Mxy) and a
component of displacement (w) shown as follows:
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SHTHETHTRRRRTRRRNRRRARNASNN

Fig. 2 - Internal forces of laterally loaded plate structure

%, M, L Pk
dx2 dy? 2 axdy o kew
= =y (0%W Zw\
-M, — D (w-i'VW) =0 (5)
= = (%W aZw\
— —, 0%w
-M,, — 1—-v)D axg”y =0

Here, q, is the wave-type load distribution, v is Poisson’s ratio of the plate and D*is the
operator form of the plate’s flexural rigidity, which is defined for plates in the hereditary
integral form. More information can be found from [40 and 42].

Field equations of VEPs - Winkler foundation interaction problem with the boundary
conditions in the Laplace-Carson domain can be shown in operator form as:

Q=Lv—f (6)
k }312 1?13 p140 0 0 0] ET/ [ qo ]
P,y Py P33 0 0 0 0 O Uz 0
P,y Py, P; 0 0 0 0 O U g
Pu 0 0 R0 0 0 01 R _ )
0 0 0 o0 0 0 0 1 o ~
0 0 0 0 0 0 -1 0 Wo —M
0 0 0 0 0 1 0 O M w_
o 0 0 o0 -10 o0 o 'T- W
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where
_ — 62 62
Pa= =D (F5+v3y)
_ _ 62 62
Pa= =D (35+v55)
— — 92
Py= - D(l_V)m
Pr=Pu= —D
Py3 = Py = — vD ®)
— 1 p—
P44 = - E D(l - V)
_ _ My-vi,,
U2 = Fav
- 1\71y—v1\71x
37 ba-v?)
_ 2y
Uy = D(1-v)

These are the matrix shape of the operators. Here L is the derivative operator, V is the
variables and f is external loads in the Laplace-Carson space. @ is a potential and these inner
products

<dQ@,v'),vx >= < dQ (v, v%),v' > 9)

must be equal [43] in whichd Q (7 , 7") is the Gateaux derivative of the operator Q.

_kW* E 9ZmM*,, _ 82" xy T
dx2 ay? dx0y
= (9%w* 2%2w* —
—D (ax2 tv Byz)_M x
= (9%w* 22w* —
—D (63/2 tv sz)_M y
dQ (7, 5*) = gt (10)
—(1—V)D M_M xy
T*
—M*
'
—w*

Thus, the functionals stand for the field equations which form the basis of finite element
formulation can be found as (see, Oden and Reddy [43]):

10) = [ < @ (pv.f),>dp (11)

@ being a scalar. Finally, from Eq. (11), the explicit expression of the functional of the thin
VEP-EF interaction problem in the Laplace-Carson space takes the form:
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{[M, Mx] + My, My [}

M., (12)

1,10 — BMxy aw My
I(U) k [W W] + [ ] ady ax ] 2D (1 v 2)
ot o 1, [y ow _ ' ;
[qOIW] + ax ' ox [ dy ) dy D a-v 2) [MX’ MJ/] D (1_1,) [MXY’

-[T.w] — [w.(¥-0)| —@ M.~ [T,@- D).

The expressions in the square brackets with the subscripts o and ¢ represent the boundary
conditions which are classified into two types: dynamic and geometric boundary conditions,
respectively. The explicit form of the boundary conditions of the problem can be written in
the form:

= 1 [(0F 6Mxy) (aMy 6Mxy) _]
[T’W]_[(ax + n, + ay+ o) o W

[M'W,] = Mx'anx] [M 'By ] [Mxy'(ax Ny +?3_‘::} Tlx)]

(13)

The expression [G,, W] in Eq. (12) corresponds to:
.1
[do, W] = 5 po [, 7]

for dynamic analysis, where w is the angular frequency.

The linear rectangular element that has a number of four nodes is constructed for the finite
element analysis of the VEP-elastic foundation interaction problem. The interpolation
functions of this element (Fig. 3), expressed in the (&, 77) coordinates that are mere translations
of (x, y), is given by [44]:

=~ (1+ &) +7m) i=1234 (14)

A n

Y
Jmw

@ @

| Vi
|

Fig. 3 - Rectangular element
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A rectangular master element with four degrees of freedom with w, M,, My, 1\7Ixy as the
nodal variables (the total degrees of freedom is 16) is denoted as the VPLTEF16 element.

All variables which must be carried as the primary nodal degrees of freedom, must be
approximated by the given interpolation functions and they are inserted into Eq. (12). This
functional is extremized with regard to sixteen nodal variables; thereby the sixteen element
equations given by Eq. (15) are obtained for the thin VEP-EF interaction problem under
wave-type loadings.

[ Klki] [ke2] [ks] LART
el = 5t ) o | [, | [t
ksl 505 e 0 = o (15)
| [kdl 0 0 _ % | e 0

In Eq. (15), [k1], [k2], [k3] and [k4] are the submatrices.

3. ILLUSTRATIVE EXAMPLES AND DISCUSSION

A computer program has been written in the FORTRAN to perform the analyses. Numerical
examples are considered for simply supported rectangular plate with the following
geometrical properties:

. %=%=2m and thickness of plate #=0.1 m (see Fig. 4)
y
T
I
b o P o
I D '
-~ =y
[).'. .....
SN EN S
D ..... ( 2m
> - l
| al2 | al2 |

Fig. 4 - Symmetry property of simply supported rectangular plate
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Due to the two-way symmetry, we can focus upon a quarter of the plate. The analyses were
performed with a mesh size of 4x4. The time histories of wave-type loads considered in the

analyses are shown in Fig. 5.

q(kPa)
Qo
t(s)
2ty 4t 6ty
Triangular Wave Function
q(kPa)
Gj
AV AL e
to Ay 3ty A "
Saw Tooth Wave Function
q(kPa)
o
t(s)
fo 2y 3t 4 Sty

Square Wave Function
Fig. 5 - Wave-Type load distributions
For describing the viscoelastic behavior of plate material, all numerical examples are

employed for the Zener rheological solid model. The Zener model illustrated in Fig. 6 is also
known as the standard linear solid.

Fig. 6 - Mechanical analog for the Zener solid model
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The creep compliance of the Zener solid model is expressed by:

1
E+E,

(1-e@) , a=—0>" (16)

1 _ -at
Jo =% 1—-e™ )+ = HEED
The material properties are £; = E = 98 MPa, 1 = 245 MPa.s and v=0.3. The solutions are
transformed back to the time domain by using the D&A numerical ILTT technique. For more
information about the D&A Laplace inversion process, the interested reader is referred to
literature [45].

Example 1:

In this example, quasi-static analysis of a thin VEP subjected to triangular wave-type loading
of 1000 N/m? considered for #) =2 sec and time-varying displacement values at the mid-point
of the plate are illustrated in Fig. 7 for different subgrade reactions (k =100 000 kN/m?, 200
000 kN/m? and 300 000 kN/m?). For numerical inversion, D&A ILTT is employed for a7=5,
N=400 and 7=20 sec. These results are quite reasonable and indicate that an increase in the
value of the subgrade reaction results in the same rate decrease in the central displacement
response.

In addition, dynamic and quasi-static response of a thin VEP with foundation interaction with
stiffness k=100.000 kN/m® subjected to the same wave-type loading for #=4 sec is
considered. The material density of the plate p is assumed to be 2400 kg/m?®. For numerical
inversion, D&A ILTT is employed for a7=5, N=600 and 7=30 sec. As expected, the VEP
starts to vibrate about the quasi-static state but it never approaches the quasi-static state with
time when it is subjected to harmonic loading like triangular wave-type loading as depicted
in Fig. 8.

0,018 eeeeee k=100.000 kN/m3 == k=200.000 kN/m3

0,016

k=300.000 kN/m3
0,014

E 0,012

0,01

0,008

0,006

Displacement (m

0,004
0,002

10 12 14 16

8
Time (sec)

Fig. 7 - Quasi-static central displacement response of viscoelastic thin plate with elastic
foundation interaction under triangular wave-type loading

89



On a New Method of Quasi-static and Dynamic Analysis of Viscoelastic Plate on ...

Dynamic s e e« Quasi-static

0 2 4 6 8 10 12 14 16 18 20 22 24 26
Time (sec)

Fig. 8 - Dynamic and Quasi-static central displacement response of viscoelastic thin plate
with elastic foundation interaction under triangular wave-type loading

Example 2:

In this example, quasi-static and dynamic analyses of thin VEPs on elastic foundation with
stiffness A=100.000 kN/m?® and subjected to saw tooth wave-type loading of 1000 N/m? is
considered for #=4 sec. The problem is solved by the variation of the central displacement
and the results are demonstrated in Fig. 9.

0,03

0,025

Dynamic = = = « Quasi-static

0,02
0,015
0,01
0,005
0

Displacement (m)

[ I
]|I|‘ J
18 20 0 24 6

-0,005
-0,01
-0,015

Time (sec)

Fig. 9 - Central displacement versus time results under saw tooth wave-type loading
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For the numerical inversion, the D&A transform technique is used for p=2400 kg/m?, aT=5,
N=600 and 7=30 sec. The longer loading time 7y, the springback of the plate is much slower
after unloading due to the fact that the dissipation of energy of the plate is more and more,
whereas the strain energy stored is less and less with the increment of loading time.

Example 3:

As an example, a thin VEP with no foundation interaction is considered. Two different plate
thicknesses are considered. The numerical results are presented in Fig. 10 for central
displacement variation with time under the square wave-type loading for #,= 2 sec. The same
material properties as in the previous example are considered. For numerical inversion, the
D&A ILTT for a7=5, N=400 and 7=20 sec is considered. As expected, the vibration period
and displacement of the VEP reduces as the thickness of the plate increases.

Example 4:

In this example, bending moment (#/,) and displacement variation at the mid- point of the
thin VEP on the EF with stiffness ~=100.000 kN/m? subjected to a square wave-type loading
(to=4 sec) with the amplitude gy=1000 N/m? are investigated. In Fig. 11, quasi-static and
dynamic bending moment (M) and vertical displacement (w) responses are presented by
employing D&A ILTT for a7=5, N=600 and 7=30 sec. The same material properties given
in the previous example are considered.

2,5
5 " " ]} "—h:0.1 m e = h=0.05m
1] I In |l
15 oy, N I h pn
I
_ 1 N (| || I I\ l| Vo (A
E g 1y "l|||,|ll||,"|n|
E05 vy (R e L
£ 0 ! v I P\ ) | 'y A
g \
£ .0 2'l4l||6|'|5!||1?||1' lll'|1‘6
éo,s ', |||"|l||||| U} |"'
| bt oy Vo
I, I A Y
1,5 gy Y ey oy TR
\ TR oy
N w ! 4
]
25 Time (sec)

Fig. 10 - Influence of the plate thickness on displacement and vibration period of the
viscoelastic thin plate without foundation interaction
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Dynamic k=100.000 kN/m3
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Fig. 11 - Dynamic and Quasi-static central bending moment and displacement responses of
viscoelastic thin plate with foundation interaction subjected to square wave-type loading
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Fig. 12 - Dynamic and Quasi-static central displacement response of viscoelastic thin plate
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Fig. 13 - Dynamic central displacement response of viscoelastic thin plate under square

wave-type loading for different Winkler coefficients
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Moreover, in Fig. 12, quasi-static and dynamic displacement responses of the plate without
foundation interaction are presented in order to make comparison and provide quantitative
information about the plate response in the absence and presence of elastic foundation
interaction. It can be seen that the frequency of vibration is seriously influenced due to the
interaction of the plate with the foundation.

Example 5:

In this problem, the dynamic response of thin VEP on the EF with different subgrade reaction
constants (k=100.000 kN/m? and 200.000 kN/m?) is considered. The problem is solved under
the square wave-type loading for #=2 sec employing D&A ILTT for a7=5 and N=400 and
T=20 sec. The same material properties as in the previous example are considered and the
variation of displacement at the plate mid-point is given for different values of foundation
stiffness in Fig. 13. Again, it is observed that the frequency of vibration is seriously
influenced due to the variation of foundation stiffness parameter (k) and it increases when
the foundation parameter (k) increases.

4. CONCLUSION

A proposal is presented of a simple numerical analysis method for the dynamic behavior of
thin VEP- EF interaction problem under different wave-type loadings by utilizing the
functional via a methodical procedure depending on the Gateaux Differential. The functional
and MFE formulation derived for the analysis are in the Laplace-Carson domain and for
numerical transformation of the solutions back to the time domain, D&A ILTT is utilized.
The analyses are performed with the aid of a FORTRAN code. The performance of the
proposed methodology is tested through illustrative examples.

The results are quite reasonable:

i.  Anincrease in the value of the subgrade reaction results in the same rate decrease in
the central displacement response and the VEP starts to vibrate about the quasi-static
state but it never approaches the quasi-static state with time as expected.

ii. The dynamic behavior of (un)constrained VEP is obtained by the proposed
formulation. As expected, the frequency of vibration is seriously influenced due to the
interaction of the plate with the foundation and it increases when the foundation
parameter (k) increases.

iii.  VEPs with different thickness values are analyzed. As expected, the vibration period
and displacement of the VEP decreases as the thickness of the plate increases.

iv.  Moments can be obtained directly without any mathematical operation by using this
new functional, because it can be defined as one of the independent variables in the
functional.

For further analysis stages, the behavior of viscoelastic structural members such as laminated
composite beams according to different beam theories, shell structures and viscoelastic
higher order shear deformation plate structures is planned to be investigated through this
methodology.
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ABSTRACT

The grain size distribution of the bed load was experimentally investigated under unsteady
flow conditions with bimodal mixture of sand and gravel in a laboratory flume. Five various
triangular hydrographs were generated. A clockwise behavior for the total bed load versus
shear velocity was observed meaning that the bed load during rising limb was higher than
that of falling limb. It was found that the percent finer at the plateau of bimodal sediment size
distribution curve had higher values during the initial and final phases compared to those
obtained during the peak time. At all plateaus, the percent finer values related to the
hydrograph peak discharge were in the same order of magnitude with that of the bed material.
The sand content of the transported bed material initially decreased, then maintained a
constant value during a certain time interval and finally returned to its original value. The
sand percent of the bed load decreased in the falling limb showing a counterclockwise loop
and within the limits of the experimental campaign, the duration of the hydrograph did not
affect the results considerably. Greater peak flow rate of the hydrograph resulted in greater
hysteresis. The bimodality index was calculated for all transported sediment samples and it
was revealed that its initial and final values were less than that of the bed material but it was
approximately the same elsewhere. The 5% finer sediment amount was nearly equal during
rising and falling limbs. It was revealed that Dso value of the bed load decreased in the rising
limb showing a clockwise loop. The hysteresis was not considerably changed according to
the hydrograph characteristics. The clockwise type hysteresis was also observed for the size
group of Dys. The lag increased as the peak flow rate increased. A strong relation was found
between the dimensionless total bed load W* and the total work index Wy as well as Wy and
the ratio Wgr/Wr. The correlations between the dimensionless total bed load and the

Note:
- This paper was received on December 29, 2022 and accepted for publication by the Editorial Board on
September 4, 2023.
- Discussions on this paper will be accepted by January 31, 2024.

e https://doi.org/10.18400/tjce.1226516

1 1zmir Katip Celebi University, Department of Civil Engineering, Izmir, Tiirkiye
gokcen.bombar@ikcu.edu.tr - https://orcid.org/0000-0002-8156-6908

2 Dokuz Eyliil University, Department of Civil Engineering, Izmir, Tiirkiye
aysegul.ozgenc@deu.edu.tr - https://orcid.org/0000-0001-8779-5499

3 Izmir Ekonomi University, Department of Civil Engineering, Izmir, Tiirkiye
sukru.guney@ieu.edu.tr - https://orcid.org/0000-0003-1441-4784

* Corresponding author



Effects of Flow Unsteadiness on the Transport of Bimodal Bed Material

unsteadiness parameters P, and Pmoq were very weak, whereas a quite high value of
determination coefficient was obtained with the unsteadiness parameter Py, implying an
appreciable interdependence.

Keywords: Unsteady flow, mixed gravel and sand, bimodal sediment, bed load, unsteadiness
parameter, hysteresis.

1. INTRODUCTION

The wide range of grain sizes found in most rivers, especially rivers with gravel bed,
complicates the problem of the prediction of bedload transport rate. The grain size influences
sediment transport and when the sediment bed is a mixture of different grain sizes, the relative
size effects become important (Wilcock, 1993, 2001; Wilcock et al, 2001, Wilcock and
Kenworthy, 2002). This effect is very sensitive to the composition of the mixture (Houssais
and Lajeunesse 2012).

A gravel-bed river has bed material whose characteristic size is in the range of gravel or
coarser material. The grain size distributions of most streams show bimodal characteristic.
Their particle size distributions are described by a bimodal distribution, i.e. a distribution
with two distinct peaks in the frequency distribution, one in the finer and other in the coarser
fraction (Sambrook Smith et al. 1996, Miiller et al, 2008). Such streams exhibit both sand
and gravel modes.

In this study significant quantities of both gravel and sand are present. Studies related to
bimodal sediments have been focused on their origin, spatial extent and, more recently, the
processes occurring within them. Bimodality may occur readily and be spatially widespread.
Bimodal beds may represent a distinct threshold between gravel- and sand-bed states
(Sambrook Smith 1996). Since the rivers are often characterized as strongly bimodal (Parker,
2008) it is appropriate to further study the transport of bimodal sediments in order to
understand the surface sorting, downstream fining and morphology and ecology of streams.
As an example, Tian and Wang (2009) explored the effect of bimodal sediment distribution
and its relation with the river ecology in the Dadu river basin by field investigations. The
transport and sorting are particularly important in unsteady flows.

Various studies have examined bedload transport under unsteady flow conditions,
particularly in the case of uniform sediment. For example, Reid et al. (1985) observed point-
bars and associated scour pools at meanders during floods, with no well-developed bed forms
at straight reaches. Kuhnle (1992) found that bedload transport rates were higher during the
rising limb at high flows, while transport rates were higher during the recession limb at low
flows. Qu (2002) observed a time lag between friction velocity and bedload transport, with
flow unsteadiness affecting the lag. Lee et al. (2004) investigated bedload transport in a
recirculating tilting flume and found that the total yield during the falling period was higher
than during the rising period with a counterclockwise hysteresis.

Other studies have focused on mixed sediment beds under unsteady flow conditions. Saadi
(2008) examined the stability of mixed bimodal grain sediment beds exposed to different
durations of uniform antecedent flow hydrographs and found that longer exposure time
increased bed stability. Bombar et al. (2011) investigated the dynamic behavior of sediment
transport and proposed an unsteadiness parameter based on net acceleration. Giiney et al.
(2013) studied the effect of coarse surface development on the bimodal bed-load transport
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under unsteady flow conditions. Mao (2012) analyzed sediment transport dynamics during
different hydrographs and found that transport during the falling limb was lower than during
the rising limb. Wang et al. (2013) studied the transport of bedload mixtures with different
grain size distributions and found that coarser fractions reached peak transport rate during
the rising limb, while finer fractions reached peak transport rate during the falling limb. Wang
et al. (2014) revealed that coarser fractions reached their peak transport rate during the rising
limb, while finer fractions typically reached their peak transport rate during the falling limb,
which was attributed, at least in part, to the role of sub-threshold, antecedent base flow
conditions in restructuring the bed surface grading. Later Wang et al. (2015) indicated that
the unimodal sediment bed was inherently more stable than the bimodal bed due to the
increased abundance of medium-sized gravels present in the unimodal sediment grade.

The effect of sediment composition on sediment transport in unsteady flow conditions has
also been studied. Waters and Curran (2015) found that bedload yields were larger and more
variable for sand/silt mixtures compared to sand/gravel mixtures. Tabarestani and Zarrati
(2015) suggested that methods based on steady flow conditions underestimate sediment
transport rates in unsteady flows and recommended further research on the effect of non-
uniform stream bed composition. Gunsolos and Binns (2017) reviewed studies on sediment
transport in unsteady flow conditions and emphasized the importance of sediment transport
mode and composition in determining hysteresis patterns. Mrokowska and Rowinski (2019)
summarized the impact of flow properties and sediment attributes on bedload transport and
highlighted the need to quantify the effect of kinematic sieving in multi-modal sediment
during flood events. Yarnell et al. (2016) tracked the movement of tracer grains in a gravel-
bedded stream and found that larger storms moved a greater percentage of tracers
downstream, with no significant variation in grain size distribution between storms. Li et al.
(2018) investigated sediment transport under degrading channels and found that sand
promoted the transport of gravel, while gravel hindered the transport of sand, with the effect
being more pronounced at lower discharges and weakened by flow unsteadiness. Mao (2018)
simulated hydrographs as a sequence of events and explored the effect of different antecedent
conditions on sediment transport. Their results showed a low-magnitude antecedent event did
not affect the rate of sediment transported by a subsequent high-magnitude flood, but a high-
magnitude antecedent event reduced the sediment transported by a subsequent long-
duration/low-magnitude event. Perret et al. (2018) studied the effect of multimodal sediment
composition and the infiltration of fine sediment into the gravel matrix. Khosravi et al. (2019)
evaluated the transport of uniform and graded sediment mixtures and found that the transport
rate differed for fine and coarse fractions, with coarser fractions exhibiting higher mobility
during the rising limb and finer fractions during the falling limb. Duan et al. (2020) compared
bedload transport under steady and unsteady flow conditions and found that sediment
particles were easier to transport under unsteady flow and moved greater distances. Plumb et
al. (2020) observed hysteresis loops in both total and fractional transport, with longer
duration hydrographs exhibiting more pronounced loops. Wang et al. (2021a, b) generated
symmetrical hydrograph flows over a graded sediment bed and found that coarse size
fractions exhibited clockwise hysteresis, while fine transported material showed
counterclockwise hysteresis.

The hydrographs can be characterized by various parameters. The total flow work index, W,

is expressed as follows (Lee et al, 2004):
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where U, is the shear velocity of the base flow at the upstream end, V/, is the total volume
of water under the hydrograph (excluding the base flow), g is the gravitational acceleration,
hb is the initial flow depth (base flow) and b is the channel width.

The dimensionless total bed load VVt* is expressed as (Bombar et al, 2011, Gumgum and

Guney, 2021, Przyborowski et al, 2022):

. v,
W, =—7- @)
pszSO

where VV, is total bed load, and p; is density of the sediment. VVt* is used also in scour studies

under live bed conditions.

The unsteadiness character of the flow was investigated through various dimensionless
parameters. Lee et al. (2004) proposed the following unsteady flow parameter P

h,—h
p=-Lt_2 3)
LUy

where /1 » and 7, denote the flow depth corresponding to the peak flowrate and the total
duration of the hydrograph, respectively.
The unsteady flow parameter suggested by De Sutter et al. (2001) is:
2 2
h,—h, U, —Us,

— )4
Foot = Ty v, )2)

“)

where U, is the shear velocity at peak flow and ., is the critical shear velocity, u, ,u ,

denote the cross-sectional mean velocity corresponding to base and peak flow-rates, and 7,
is the rising duration of the hydrograph.

The unsteady flow parameter Pgt introduced by Bombar et al (2011) is expressed as follows:
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at which Sy is the channel bottom slope.

In this study, a set of triangular shaped hydrographs having rising and falling durations of
120 seconds to 300 seconds, from the steady state value of 8.6 1/s to the peak value of 50 I/s
and 92 1/s were generated in order to investigate the effects of the flow unsteadiness on the
transport of bimodal bed materials.

2. EXPERIMENTAL SET-UP, INSTRUMENTATION AND THE SEDIMENT
CHARACTERISTICS

2.1. Experimental Set-Up

Experimental studies were carried out on an experimental system involving a rectangular
flume 80 cm wide and 18.6 m long. The bottom slope of the flume was 0.006 and it its
transparent sides made from plexiglas were 75 c¢m high. The bed was fixed with small
concrete blocks at the first 3 m of the flume giving a total mobile bed length of 15.6 m. The
sediment layer thickness was 7 cm along the flume. The sketch of the experimental set-up is
given in Figure 1.

SEDIMENT
BASKETS 80 em
>( t 75cm

/ - 1560 cm 300 cm
s O 4 o
RESERVOIR PUMP VALVE FLOWMETER

Figure I - Scheme of the experimental set-up.

The pump with 100 I/s flow rate capacity was connected to the speed control unit allowing
the generation of various shaped hydrographs.

The bed was composed of coarse sand and fine gravel. Before the experiments, the bed was
mixed to achieve homogeneity through the vertical and stream-wise directions. The flow rate
at the beginning was slowly increased to the base discharge value in order not to disturb the
sediments. The experiments were conducted without sediment feeding. The transported bed
load was collected in the sediment baskets located at the downstream part of the flume. The
grain size distribution was obtained by means of the sieve analysis performed after the
collected sediment became dry.
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2.2. Instrumentation

The OPTIFLUX 1000 electromagnetic flow meter (manufactured by Krohne) was mounted
on the pipe before the entrance of the channel in order to measure the flow rates as Qrm. The
ULS- 40D, ultrasonic laboratory water level measuring system was used to measure the
water levels in the flume. The IMP+ level monitoring system (Pulsar Process Measurement
Limited) was also used to register water depths. The flow depth time series was obtained at
x=5m,8m, 11 m, 13.4 m, 15 m and 17 m The velocities were measured by using Ultrasonic
Velocity Profiler (UVP) (manufactured by Met-Flow SA) which was located at the entrance
of the flume as given in Figure 2. The UVP transducer was placed at the entrance of the
flume, looking upwards with an angle of 16 degrees. This configuration helped to determine
the flow depths specific to the location that the velocities were measured. The electrolysis
was used for the generation of the hydrogen bubbles as seeding particles for the velocity
measurements.

H=60mm

Figure 2 - Ultrasonic Velocity Profile (UVP) transducer configuration

2.3. Bed Material Characteristics

The bed material used in the flume was composed of bimodal sediment mixture. The grain
size distribution of the mixture is given in Figure 3. The characteristics of the sediment
mixture are given in Table 1. The sediment sizes are calculated by the method and excel
sheets given in Gary Parker’s Morphodynamics Web Page (2006a,b). The greater sizes such
as Dos were chosen in accordance with the maximum sediment sizes given in Melville and
Sutherland (1988).
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Figure 3 - Grain size distribution of the bed material

Table 1 - Characteristics of the sediment mixture

Parameter Mixture
Geometric mean size D, (mm) 1.84
Geometric standard deviation o, 284
Ds (mm) 045
Djo (mm) 0.46
D 16 (mm) 0.50
D 30 (mm) 0.61
D 35 (mm) 0.71
D 50 (mm) 343
D 60 (mm) 3.88
D 70 (mm) 4.38
D g4 (mm) 5.26
D 3¢ (mm) 5.41
D 99 (mm) 5.71
D 95 (mm) 6.12
D 96 (mm) 6.20

The sediment less than or greater than 2 mm in size is considered as sand or gravel,
respectively. The bimodality index, B* for the particle size distribution in ¢ units
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(¢=—10g2 D where D is particle diameter in mm) was calculated from the following
equation proposed by Smith (1997).

P
£

B =

4.-4,] (©)

where ¢rand ¢, are the ¢_sizes of the fine and coarse mode, respectively and Prand P are the
proportions of sediment contained in these two modes. The related values are ¢r=- 1, ¢. = 2,
Pr=14.2 and P, =15.4 which give the value of 3.2 for B*. According to Smith et al (1997),
bimodality holds when B* > 1.5, implying that the studied sediment is highly bimodal.

Another definition of bimodality index, denoted by B, is given by Wilcock (1993).
12
D.
B=|—/| XP, (7
S

where Dy and D, are the grain sizes of the fine and coarse mode, respectively and XPy, is the
sum of the proportion in mode. The value of B was found to be equal to 2.8 meaning that the
sediment is bimodal since the limit value is 1.7.

The incipient motion and bed load calculations were performed by using the median grain
size according to the method proposed by Wilcock, (1988) (Giiney et al., 2013).

3. ANALYSIS OF RESULTS
3.1. Experimental Results

Experiments were conducted using 5 different triangle shaped input hydrographs. The
characteristics of the hydrographs, predefined by a computer software and generated by using

the control unit connected to the pump, are given in Table 2 where Qb ,Q  represent the

P
base and peak flow rates, respectively, calculated by the velocity and flow depth measured
by UVP at the entrance. In the table, 4, &, represent the base and peak flow depths and u,
u, represent the base and peak velocities determined by UVP. The discharge values were
measured by means of the flowmeter placed on the the pipe supplying water to the channel.
The hydrograph generated at the discharge pipe of the pump was attenuated during its
propagation through the flume and lower values of base and peak flow depths were registered
in the channel. /1y, y—13 4, and &y, x—13.4 m denote the base and peak flow depths measured in

the channel at x = 13.4 m downstream of the entrance of the flume. The ¢t,, ¢ ’ and ¢, , are

the rising, falling and total durations of the hydrograph respectively. Fryase and Frpea refer to
the Froude numbers calculated for base and peak flow rates, respectively. The Froude
numbers given above were calculated by using these flow depths and corresponding velocity
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values obtained by UVP. Froude numbers being smaller than unity indicates the subcritical
character of the experimental conditions.

Table 2 - Characteristics of the hydrographs and flow parameters used in this study

Experiment Exp-1 Exp-2 Exp-3 Exp-4 Exp-5
0, Us) 86 86 86 86 86

0, s) 66.0 724 456 692 924
B, (m) 0.049 0.049 0.049 0.049 0.049
h, (m) 0.131 0.133 0.114 0.133 0.156
U, (m/s) 022 022 022 022 022
u, (mfs) 063 068 050 065 0.74
Opivep (I/5) 710 711 493  69.7 917

hbx=l3.4m (mm) 37 37 37 37 37
Ry x-13.4m (MmM) 13 11 9.2 11 4-

£, (min) 2 3 5 5 5
Z; (min) 2 3 5 5 5
f, (min) 4 6 10 10 10
Fbase 032 032 032 032 032
Frpeak 056 0.60 047 057  0.60

Triangle-shaped input hydrographs were generated for a total of seven runs to ensure
repeatability and reliability of the results. The mean value of each parameter i.e, gy, Ds, o
etc., was calculated to obtain representative results and are presented in the subsequent
figures and tables. For instance, equation (8a) was used to obtain the mean value of g, out of
n runs. To investigate the effect of unsteady flow on the size distribution of the sediment
mixture, two selected runs were analyzed by performing a sieve analysis for each collected
bed load sample. The scattering index for a given time, SI;, is calculated by dividing root-
mean-square error (RMSE) with mean of the runs for that time interval as in the equation
(8b). The mean of SI; values for the runs with sieve analysis and mean of SI; values for all
experiments were determined as given in equation (8c), where m is the number of bed load
samples for a specific experiment and presented in Table 3. For illustrative purposes, the
relation between the mean of the bed load obtained by considering all repeated runs and those
runs conducted for sieve analysis are depicted in Figure 4 for Exp-1 and Exp-3. Complete set
of R? values are given in Table 3 as well as the SI values for the parameters Ds, Dso, Dos and
G, parameters.
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Table 3 - Statistical analysis of the hydrographs and flow parameters used in this study

Exp-1 Exp-2 Exp-3 Exp4 Exp-5

SI of g, all runs 0.42 0.34 0.36 0.46 0.27
SI of g, with sieve analysis 0.33 0.14 0.26 0.31 0.30
R? 0.9914 0.9925 0.9930 0.9804 0.9989
SI of Ds 0.02 0.03 0.03 0.03 0.03
SI of Dsg 0.21 0.08 0.17 0.17 0.17
SI of Dos 0.08 0.02 0.09 0.20 0.19
SI of o, 0.06 0.02 0.04 0.05 0.06
400 150
2] 2] y= 0.9’5_6.7.x -0.4917 .
é‘ 300 y= 0}'3'2%’?9-91"6216 P g\ R2=0.9930 .......
o _ o _ 100 Py
S -9 fo
gs o
: . § w e
= 100 . 2 ]
3 3 L
g o ® &
" ®Expl BExp3
0 ".. 0 ’
0 100 200 300 400 0 50 100 150
mean all runs gy, (gr/sm) mean of all runs gy, (gr/sm)

Figure 4 - Relation between the mean of the bed load obtained by considering all repeated
runs and those runs conducted for sieve analysis a) Exp-1, b) Exp-3.

The variation of flow rate with respect to time is given in Figure 5. The flow depth variation
is given in Figure 6. The cross-sectional mean velocity measured by UVP at the entrance of
the flume is given in Figure 7.
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Figure 5 - Flow rate variations with respect to time
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Figure 6 - Flow depth variations with respect to time
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Figure 7 - Cross sectional mean velocity variations with respect to time
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The average values of the time variation of the bed load are given in Figure 8. Some bed
forms of small magnitude were observed during the experiments.

400

350 A ——Exp-1
-=-Exp2
300 >

0 100 200 300 400 500 600 700

Figure 8 - Bed load variations with respect to time

The shear velocity is calculated by the Equation (9)

oh
u=y 8 R S50 ©)

where R is the hydraulic radius, and x is the abscissa.
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Figure 9 - Variations of the bed load with respect to the shear velocity for (a) Exp-1, Exp-2
and Exp-4, (b) Exp-3, Exp-4 and Exp-5

The variation of the bed load with respect to the shear velocity is given in Figure 9.a and
Figure 9.b. There was a clockwise behavior meaning that the bed load was higher during the
rising compared to the falling. This clockwise behavior was also observed by Kuhnle (1992)
and Nanson (1974).

3.2. The Grain Size Distribution of Transported Sediment

The sieve analysis was performed for each group of sediments collected in the baskets in
order to obtain the variation of the grain size distribution with respect to time. The average
values corresponding to the intervals of 1 minute were determined and they are depicted in
Figure 10.a to 10.e for the Exp-1 to Exp-5, respectively.

Based on the experimental results, it was observed that the percent finer concerning the
plateau had higher value during the initial and final phases compared to those obtained during
the peak time. The plateau percentages corresponding to the peak value of the time were close
to each other for all hydrographs and they were nearly equal to the initial percentages of the
bed material. It was observed that the percent finer value for the highest duration hydrographs
(10 minutes) in Exp-3, Exp-4 and Exp-5 were approximately in the same order. The smallest
value was found in the case of Exp-1 corresponding to the shortest hydrograph. It was
concluded that the location of the plateau was highly influenced by the hydrograph duration.

The time variation of the sand content ratio of the bed load is given in Figure 11. At the
beginning of the experiments, the sand content of the transported bed material decreased
rapidly from approximately 96 % to 30% — 40% which was the original sand content of the
bed material. The sand content remained constant for a while (ty) and gradually increased at
the end of the hydrograph. The values of ty and t / t, are given in Table 4.
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Figure 10 - Grain size distribution variations with respect to time, (a) Exp-1, (b) Exp-2, (c)
Exp-3, (d) Exp-4, (e) Exp-5

During the peak phases, the flow velocity has greater values. When the velocity was low, the
flow had not the ability to transport the coarser sediment sizes, and consequently only sand
material displaced. On the other hand, when the velocity increased the coarser grains were

also included comprising the percentage of the bed load almost of the same percentage
existing in the bed material.

The bimodality index B* was calculated and its variation with time is depicted in Figure 12.
It was observed that in all experiments the B* increased quickly in the rising limb and then
had a nearly constant value slightly greater than unity for bed material. In the falling phase
the value of the B* decreased to its original and initial value. The percent contents of sand

and gravel for Exp-4 at various times along with percent content of the bed material are given
in Figure 13.
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Figure 11 - Time variations of the sand content ratio of the bed load

Table 4 - t,, and t,, / t, values

Experiment Exp-1 Exp-2 Exp-3 Exp-4 Exp-5
tw (5) 100 250 360 410 420
tw/ t 0.83 1.33 1.20 1.37 1.40
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Figure 12 - Variation of Bimodality index B* with time
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Effects of Flow Unsteadiness on the Transport of Bimodal Bed Material

The variations of the percent sand content of the bed load with respect to the shear velocity
are given in Figure 14.a and Figure 14.b. It was revealed that the sand percent of the bed load
decreased in the falling limb, showing a counterclockwise loop. The duration of the
hydrograph was not likely to affect the results considerably. On the other hand, the greater
the peak flow rate of the hydrograph, the greater the hysteresis.
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(e a2
70 - =6—Exp-2 falling

=&—Exp-4 rising
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20
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Figure 14 - Variations of the percent sand content of the bed load with respect to the shear
velocity for (a) Exp-1, Exp-2 and Exp-4, (b) Exp-3, Exp-4 and Exp-5
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The values of Ds, Dsp and Dos were determined from the cumulative grain size distribution
curves of the collected sediments. The variations of Ds with respect to the shear velocity are
given in Figure 15.a and Figure 15.b. The 5% finer sediment amounts were the same for the
whole duration of the hydrographs for all experiments.
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Figure 15 - Variations of Ds with respect to the shear velocity, for (a) Exp-1, Exp-2 and
Exp-4, (b) Exp-3, Exp-4 and Exp-5
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The variations of Dso with respect to the shear velocity are given in Figure 16.a and Figure
16.b. It was revealed that Dso value of the bed load decreased in the rising limb, showing a
clockwise loop. The hysteresis was not considerably changed with respect to hydrograph
characteristics.
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Figure 16 - Variations of Dsy with respect to the shear velocity, for (a) Exp-3, Exp-4 and
Exp-5, (b) Exp-1, Exp-2 and Exp-4
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The variations of Dos with respect to the shear velocity are given in Figure 17.a and Figure
17.b. The clockwise type of hysteresis was also observed for this size group. The Dos in Exp-
3, Exp-4 and Exp-5 had an influence on the hysteresis where the lag increased with the
increase in the peak flow rate.
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Figure 17 - Variations of Dys with respect to the shear velocity, for (a) Exp-3, Exp-4 and
Exp-5, (b) Exp-1, Exp-2 and Exp-4
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3.3. Total Flow Work Index and Unsteadiness Parameters

The experimental results of the hydrographs and the amount of the bed load collected during
the rising and falling limbs of the hydrographs are summarized in Table 5. The total volume
was calculated by assuming a basic triangular shape and dimensionless parameters were
calculated by using the flow data obtained at the entrance of the flume since both velocity
and flow depth values could be measured only at that section.

Table 5 - Experimental results and unsteadiness parameters

Experiment Exp-1 Exp-2 Exp-3 Exp-4 Exp-5
Total volume
excluding base flow (m?) 6.9 11.5 11.1 18.2 25.1
Wi 19.2 31.9 30.9 50.5 69.9
W (kg) 22.1 37.1 17.6 453 77.6
Wt 904 1518 721 1853 3371
P 0.0067  0.0046  0.0021  0.0028  0.0035
Pinod 0.0026  0.0017  0.0008 0.0011  0.0015
Py 0.00565 0.00574 0.00590 0.00585 0.00582
up* (m/s) 0.08 0.08 0.07 0.08 0.08

1000000.0

m Present study _

100000.0 ' ¢ Bombar (2009) ™~ .
10000.0 | = Wang et al. (2021) -

& Przyborowski et al. (2022 -‘
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= looo T e® Y =36.59x10
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L y =4.69x!78
1.0 R2=0.73
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W Present study »

Z06 . y=0.01x +0.52
2=0.96

0.0 20.0 40.0 60.0 80.0
Wi (b)

Figure 18 - (a) Variation of Wi* with respect to the total work index Wy, (b) Variation of
Wr/Wr with respect to the total work index Wy,

The variation of the dimensionless total bed load W* with respect to the total work index Wy
is presented in Figure 18.a. The data of Bombar (2009), Qu (2002), Wang et al. (2021) and
Przyborowski et al. (2022) were also added to the graph. A strong relation (Eq. 10.a) was
found between W* and Wy with a determination coefficient of R?= 0.88, when only the data
of present study was regarded. When the data mentioned above was also considered the R?
became 0.73, the SI is calculated as 1.68. and the relation given in equation (10.b) was
obtained.

We* =36.59 W, (10.a)
Wit =4.69 W78 (10.b)

By using the equation given above the amount of bed load for a given duration of a
hydrograph can be predicted provided that the volume of water that corresponds to the area
under the hydrograph is known.

The variation of the dimensionless total bed load Wr/Wr with respect to the total work index
Wi is presented in Figure 18.b. The following relation with a determination coefficient of
0.96 and SI as 0.04 were obtained:

Wr/Wr = 0.01W, +0.52 (11)

The values of the unsteadiness parameters P, Ppoq and Py calculated from the relevant
equalities stated previously are given in Table 4.

The variation of the dimensionless total bed load W* versus the unsteadiness parameters P,
and Ppoq were plotted in Figure 19.a and 19.b, respectively together with the data of Bombar
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(2009), Qu (2002), Wang et al. (2021) and Przyborowski et al. (2022). The coefficients of
determination were very low, particularly for Pnog, which imply that their interrelation was

not significant.
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- m Present study
100000 ® Bombar (2009)
= ) = 0.00
- Y Ié’jfi);)j)\, - Wang et al. (2021)
10000 | _ ’ # Przyborowski et al. (2022)
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Figure 19 - Variation of dimensionless total bed load Wt* with the unsteadiness parameter
(a) P, (b) Proa

The variation of the dimensionless total bed load versus the unsteadiness parameter Py is
plotted in Figure 20, together with the data of Bombar (2009), those of Qu (2002), Wang et
al. (2021) and Przyborowski et al. (2022). Four experiments of Qu (2002) and the
experiments of Wang et al. (2021) seem to deviate from the given exponential relation. The
reason is proposed to be the difference between the range of time durations such that the tr
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of Qu (2002) for those is 10 seconds and all experiments of Wang et al. (2021) is longer than
60 mins which is 12 times greater than those experiments focused in this study. Note that
when the duration is sufficiently long the unsteadiness parameter Py has almost no affect on
the Wi*. Excluding these set of experiments, the high value of the determination coefficient
of 0.69 stands for an appreciable interdependence. The SI values are 1.58, 2.24 and 2.17 for
Py, P and Ppoq, respectively.
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00000 R2=10.69
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Figure 20 - Variation of unsteadiness parameter W;* with dimensionless total bed load Py

4. CONCLUSION

The aim of this experimental study is to investigate the unsteadiness effects on the transport
of bimodal bed material. A clockwise behavior was observed in the total bed load - shear
velocity curve which means that the bed load was higher on the rising limb compared to that
of the falling limb.

From the variation of the grain size distribution with respect to time, it was found that the
percent finer at the plateau of bimodal sediment size distribution curve had higher values
during the initial and final phases compared to those obtained during the peak time. At all
plateaus, the percent finer values related to the hydrograph peak discharge were in the same
order of magnitude with that of the bed material.

It was observed that in all experiments the bimodality index B* increased quickly in the rising
limb and then had a nearly constant value slightly greater than that of the bed material,
eventually reaching its initial value.

The sand content of the transported bed material decreased rapidly = from = 96 % to = 30%
—40% which was the original sand content of the bed material. The sand content remained
constant for a while and gradually increased at the end of the hydrograph.

123



Effects of Flow Unsteadiness on the Transport of Bimodal Bed Material

The variation of the percent sand content of the bed load with respect to the shear velocity
revealed that the sand percent of the bed load decreased in the falling limb showing a
counterclockwise loop and the duration of the hydrograph did not affect the results
considerably, within the limits of the experimental campaign. On the other hand, the greater
peak flow rate of the hydrograph resulted in greater hysteresis.

The values of Ds, Dsp and Dos were determined from the cumulative grain size distribution
curves of the collected sediments. The 5% finer sediment amount was nearly equal during
rising and falling limbs. It was observed that Ds value of the bed load decreased in the rising
limb showing a clockwise loop. The hysteresis was not considerably changed according to
the hydrograph characteristics. The clockwise type hysteresis was also observed for the size
group of Dys. The lag increased as the peak flow rate increased.

A strong relation was found between the dimensionless total bed load W¢* and the total work
index Wy with a determination coefficient R>= 0.81. The determination coefficient R?
between Wr/Wr and Wi was found as 0.73.

The correlations between the dimensionless total bed load and the unsteadiness parameters
P, and particularly for Pnoq were very weak which imply that their interrelation was not
significant. As to the unsteadiness parameter Py  the high value of determination coefficient
of 0.69 stands for an appreciable interdependence. Considering the complexity of the
unsteadiness parameter Ppoq, it is revealed that within the limitations of this study which are
given in Table 6, Pgt together with Wk could be used to calculate the Wt* for unsteady flows.

Table 6 - Limitations of the present study

Parameter Minimum value Maximum value
Dso (mm) 34 5.8
hy (m) 0.02 0.12
hp (m) 0.09 0.22
Qb (I/s) 12.0 30.3
Qp (Is) 63.7 86.3
tr (min) 0.2 5.0
t, (min) 0.5 5.0
So (m/m) 0.002 0.006
Py 0.0038 0.0047
Wy 2.0 35.6
We* 41 197
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